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ABSTRACT 
In this research it was shown that the electroless plated palladium deposited as large number of 
randomly oriented grains, which were separated by grain boundaries (GB). The nano-scale 
dimensions of these grain boundaries allowed the diffusion of helium through the palladium 
membrane. This implied that in a dense palladium membrane, the grain boundary network was 
so convoluted that helium flux could be neglected. 
The transmission electron microscope (TEM) images of the palladium at room temperature 
showed grains of about 50 nm in size and nuclei of about 5 nm in size. The TEM images of a 
pre-annealed Pd sample at 500ºC in H2 atmosphere for 48 hours, showed big grains of 100 to 200 
nm in size and most of the grain boundary intersections had dihedral angles very close to 120°. 
However, the pre-annealed Pd sample at 500ºC in He atmosphere for 48 hours, showed grains of 
the size of 70 to 100 nm and many of the grain boundary intersections did not show dihedral 
angles of 120°. This proved that high temperature annealing not only caused significant grain 
growth and grain boundary (straightening) migration, but also the grain boundary migration was 
faster in H2 than in He atmosphere. Also, the hydrogen and helium characterization of the 
palladium membranes showed that the leak formed faster in H2 than in He. Thus, combining the 
TEM observations with the membrane characterization results, it is possible to conclude that 
grain boundary migration is one of the most probable reasons for leak formation in palladium 
composite membranes. The TEM images of the pre-annealed Pd sample also showed that the 
grain boundaries can achieve an equilibrium configuration within 48 hours of annealing at 500°C 
in H2. This research helped in better understanding of the role of grain boundary migration on the 
leak formation in the composite Pd membranes and this information can be useful for the 
production of leak resistant stable membranes in the future. 
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CHAPTER 1 
INTRODUCTION 
1.1 Background 
“Perseverance for innovation and improvement” is what makes human being unique among all 
the living beings on the earth. Human being not only discovered the enormous reserves of fossil 
fuels hidden beneath the surface of the earth but also, invented ways to use them to improve their 
lifestyle. Today fossil fuels provide the raw materials for the energy generation and a variety of 
consumer products such as solvents, lubricating oils and plastics. The demand for fossil fuels is 
not only the greatest from the energy sector, but is fast increasing. It has been projected that at 
the growth rate of 1.2 percent per year, the total primary energy consumption of U.S. is expected 
to become 127 quadrillion Btu in 2025 (Energy Information Administration, 2006). The 
domestic production would only account for 68 percent of the total energy demands, while the 
rest would be imported (Figure 1.1). Along with the increasing consumption of energy from the 
fossil fuels, the associated carbon dioxide emissions are also expected to rise to 7,587 million 
metric tons of emissions in the year 2025, which is 1.28 times the emissions in the year 2004 
(Figure 1.2). Carbon dioxide being the green house gas has been found to be contributing to the 
global warming by trapping more than usual amounts of solar radiation energy into the earth’s 
atmosphere. The global warming is in turn causing the glaciers to melt faster and sea levels to 
rise, along with drastic climatic changes. Thus, what we need today is to find means of 
producing cleaner energy. 
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Figure 1.1  Comparison of the total energy consumption and production (quadrillion Btu) in 
U.S. for 1980 to 2030 (Energy Information Administration, 2006). 
 
Figure 1.2  Comparison of the total carbon dioxide emissions (million metric tons) in U.S. for 
1990 to 2030 (Energy Information Administration, 2006). 
Several energy alternatives are being investigated by people all over the world which include 
generating energy from renewable sources, utilizing the nuclear energy, developing hydrogen 
based energy economy and increasing the conversion efficiency of fossil fuels. Renewable 
3 
energy sources offer pollution free alternatives to our high-energy demands. However, the 
installation and maintenance costs are very high. Dams are expensive to build, cause ecological 
damage and might bring mega floods to human settlements. Solar, wind and geothermal energies 
are expensive to extract and are not readily available at all places and at all times.  
Energy generation by using hydrogen in fuel cells seems to be a promising source of energy with 
zero harmful gas emissions. The idea of ocean water serving as the immense source of hydrogen 
has given hopes for green energy future. Some people are already using renewable energy 
sources to electrolytically extract hydrogen from water and store it for use during the times of the 
day when the renewable energy source is not available. However, so far there has not been any 
significant breakthrough in the technology of extracting hydrogen from water economically.  
Another approach is to steam reform the hydrocarbons present in the fossil fuels and extract the 
energy stored in them in the form of hydrogen gas. The hydrogen can then be used by the fuel 
cells to generate clean energy. The first advantage of this approach is that the hydrogen from the 
fossil fuels can help jumpstart the process of developing the hydrogen based storage and usage 
infrastructure and the second advantage is that the carbon dioxide emissions will be limited to 
the industrial level instead of wide spread vehicular levels. The carbon dioxide from the 
industries can then be suitably disposed by carbon sequestration.  
Due to the highest H/C ratio and hence the least amount of CO2 released per quanta of energy, 
methane (from natural gas) has been the most potential candidate among all the hydrocarbons for 
reforming. However, the hydrogen that is produced by the steam reforming of methane contains 
CO2, CO, H2O and CH4. A PEM fuel cell typically needs 99.999% ultra high purity (UHP) 
hydrogen, with the CO levels to be less than 10 ppm in order to avoid the poisoning of the 
platinum catalyst (Zilka-Marco et al., 2000). Thus, a suitable separation membrane is needed to 
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obtain cheap UHP hydrogen from the steam reforming of methane. This purpose can be served 
by the dense palladium composite membranes.  
Palladium is known to have high selectivity and permeance towards hydrogen. Composite 
palladium membranes are prepared by depositing palladium on the suitable porous supports. 
Palladium plated on a porous support has higher mechanical strength and lower amount of 
palladium loading as compared to stand alone palladium films. The porous supports should have 
minimum resistance to hydrogen flux, uniform pore size distribution and thermal stability. 
Several supports such as porous alumina, porous Vycor glass and porous stainless steel have 
been investigated. The porous stainless steel supports have the advantages of having the thermal 
expansion coefficient close to that of palladium and easy incorporation into the reactor assembly 
by welding. There are several atomic deposition techniques available for depositing palladium on 
the porous support. Electroless plating is the preferred technique because of the uniform 
deposition on complex shapes, hardness of deposited film and relatively simple plating 
equipment. To reduce the induction period for the autocatalytic electroless plating process, the 
porous support is preseeded by the palladium nuclei. The deposit of palladium on the porous 
support is made dense by performing multiple plating sessions until the flux of the helium gas 
through the palladium composite membrane decreases to zero. The flux of hydrogen through the 
palladium occurs by the bulk diffusion through the palladium lattice and the palladium grain 
boundaries. The microstructure of the palladium deposit significantly affects the hydrogen flux 
and the leak stability of the membrane due to the grain growth occurring at high temperatures 
(above 200ºC). In order to avoid the hydrogen embrittlement of palladium, the palladium 
composite membrane is characterized for hydrogen flux above the critical temperature of 300ºC 
and the pressure of 6102×  Pa. Several palladium alloys (e.g., Pd-Ag and Pd-Cu) have also been 
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proposed to improve the hydrogen embrittlement and the sulfide poisoning resistance of the 
palladium membranes. 
Hence, the dense palladium composite membranes are suitable for separating the UHP hydrogen 
from the products of the steam reforming of methane, which can then be used for energy 
generation by fuel cells. Palladium membrane based reactors can also increase the conversion of 
the reactions controlled by the thermodynamic equilibrium by selectively removing one of the 
reaction products (hydrogen in this case). 
1.2 Objective of this research 
The palladium composite membrane is called gas-tight or dense when it does not allow any gas 
other than hydrogen to permeate through it. However, during the prolonged usage of the 
palladium membrane reactor for separating UHP hydrogen from the steam reforming of methane 
at the high reaction temperatures (~500ºC), the membrane can develop leaks. The formation of 
leaks implies that the membrane is no longer gas-tight and gases other than hydrogen can also 
permeate through the membrane. This causes a decline in the selectivity of the membrane and the 
purity of the hydrogen being produced also decreases. The leaks can be detected by using the 
helium gas (the smallest gas atom). Since, it is economically expensive to stop the reaction and 
take out the membrane for repairing, it is very critical for the dense palladium composite 
membrane to maintain its selectivity and high permeance at the temperature of 500ºC for very 
long periods of time. 
Thus, it is important to understand what factors contribute to the leak formation in the palladium 
composite membranes under the reforming reaction conditions. Hence, the objective of this 
research was to analyze how the palladium membrane behaves chemically and physically at high 
6 
temperatures and in reducing atmospheres of hydrogen and to investigate the mechanisms of the 
leak formation. 
Composite palladium membranes were synthesized by electroless plating, characterized in 
hydrogen and helium atmospheres and analyzed by measuring the developed helium leak. 
Palladium deposited on porous stainless steel coupons were prepared and annealed in the 
hydrogen and helium atmosphere. Elemental analysis of the palladium deposits on porous 
stainless steel coupons was performed by using X-ray photoelectron spectrometer followed by 
the morphological analysis of the palladium foils by Transmission electron microscope. Finally 
the possible methods for minimizing the leak formation were investigated. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Permselective palladium composite membrane 
Palladium is a transition metal with an f.c.c. crystal structure and a lattice constant of 3.89 Å at 
25°C (Lewis, 1967). Palladium has the unique property of allowing high throughputs of 
hydrogen through it and absorbing large quantities of hydrogen when cooled to room 
temperature in the hydrogen atmosphere (Graham, 1866). Some other transition elements that 
can form hydride phases are shown in Figure 2.1. Metals such as niobium, tantalum and 
vanadium have higher hydrogen permeability than palladium. However, niobium, tantalum and 
vanadium have greater resistance to hydrogen transport due to the formation of the oxide and the 
surface reaction limiting the hydrogen flux (Buxbaum and Marker, 1993; Peachey et al., 1996). 
Palladium is also favored for the separation of hydrogen because it can be obtained in a pure 
form with negligible interstitial impurities such as O, C, N and equilibrium between palladium 
and hydrogen can be achieved without any special surface treatments (Flanagan and Oates, 
1991). Also, palladium has better resistance to oxidation and hydrogen embrittlement compared 
to other metals that allow hydrogen permeation (Li et al., 1998). This unique hydrogen 
permeation property of palladium has led to significant interest and research efforts towards the 
application of palladium membranes for hydrogen separations. Hence, a permselective palladium 
membrane is a thin film of palladium used for selectively allowing the passage of only hydrogen 
from the mixture of gases. Since stand alone palladium films lack the mechanical strength, 
palladium films are supported on a suitable porous substrate. Such a membrane is called 
8 
permselective palladium composite membrane. The use of porous support is also favorable from 
the point of view of decreasing the amount and the cost of palladium loading for the membrane. 
 
Figure 2.1  Plot of permeability of hydrogen in different metals (Buxbaum and Marker, 1993). 
2.2 Porous support for palladium composite membrane 
The porous support (substrate) should have minimum resistance to hydrogen flow and hence 
should have high permeability for hydrogen. In addition, the substrate should have small and 
uniform pores for smooth surface along with the mechanical strength and thermal stability. 
Porous alumina (Xomeritakis and Lin, 1998; McCool and Lin, 2001; Tosti et al., 2002; Roa et 
al., 2003), porous Vycor glass (Bryden and Ying, 1995; Cheng and Yeung, 1999) and porous 
metals such as stainless steel (Shu et al., 1993; Li et al., 1998; Mardilovich et al., 1998; Nam and 
Lee, 2000)and nickel (Ryi et al., 2006) have been used as supports by various researchers.  
Ceramic and glass supports have small uniform pores on the surface and thus very thin palladium 
films can be deposited on them to obtain dense membranes. Ceramic supports can also withstand 
heating at high temperatures without facing the problem of intermetallic diffusion from the 
9 
support into the palladium film. However, they suffer from the problem of palladium film 
peeling from the support due to thermal expansion mismatch of the support and the palladium 
film. There is also difficulty in sealing ceramic and glass based membranes into the reactor 
assembly.  
Asymmetric ceramic supports have also been developed by depositing zirconia or γ-alumina on 
top of α-alumina porous support by sol-gel process (Roa et al., 2003). This technique helped in 
reducing the support resistance towards the hydrogen flux by decreasing the pore size from 0.2 
µm (α-alumina support) to 0.05 µm (zirconia or γ-alumina modified surface).  
Porous stainless steel supports have the thermal expansion coefficient close to that of palladium 
which ensures good mechanical properties of the palladium membrane during the temperature 
cycling. Also, the porous stainless steel supports can be easily incorporated into any reactor 
assembly by welding and it does not have sealing problems such as the ceramic supports. 
However, the porous stainless steel supports have the problem of intermetallic diffusion of the 
support metals, such as iron, into the palladium film, which decreases the hydrogen permeance 
of the membrane. This problem can be overcome by the use of suitable intermetallic diffusion 
barriers. Furthermore, the uniform distribution of pores on the surface of the porous stainless 
steel supports is critical to achieve thin dense palladium membranes (Mardilovich et al., 1998).  
2.3 Methods of depositing palladium 
The atomic deposition techniques used by various researchers to prepare palladium membranes 
include chemical vapor deposition, physical vapor deposition, plasma spraying, electroplating, 
and electroless plating (Wachtman and Haber, 1986). 
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2.3.1 Chemical vapor deposition 
In the chemical vapor deposition (CVD), the desired coating is deposited by thermal 
decomposition or chemical reduction of the gaseous compound on the substrate. All the parts of 
the system are kept as hot as the temperature of the vapor source. The reaction part of the system 
has the temperature higher than the temperature of the vapor source but lower than the melting 
temperature of the deposit (Bryant, 1977). Palladium and ruthenium can be thermally 
decomposed from Pd(C5H7O2)2 (palladium acetylacetonate) at the temperature of 350-450ºC and 
from Ru(CO)5 or Ru(CO)2Cl2 at 200ºC (Lang, 1983), respectively. Palladium membrane has also 
been made by decomposing palladium (II) acetate in reduced pressures of argon on the inside of 
the porous wall of α-alumina tube (Yan et al., 1994). Palladium was deposited on ceramic 
substrate by metallorganic chemical vapor deposition employing palladium acetylacetonate as 
the metal precursor (Xomeritakis and Lin, 1997). CVD has the advantage of the high deposition 
rates. It can also coat bulky substrates. However, it has the disadvantage of being costly because 
high temperatures are required to produce certain coatings and the reactor design is very critical 
to the uniform coating on the complex shaped substrate. 
2.3.2 Physical vapor deposition 
In physical vapor deposition (PVD) the solid material to be deposited is first evaporated in 
vacuum of less than 3103.1 −×  Pa, then condensed and deposited on a cooler substrate as a thin 
film (up to 50 µm). PVD can be done by evaporation, sputtering or ion planting. 
Evaporation is the technique where the material to be coated is evaporated in the vacuum of 
about 3103.1 −×  Pa, by resistive, electron beam, laser beam or RF source heating. The heating 
element should have melting point higher than that of the evaporant so as not to contaminate the 
deposit. Tungsten and molybdenum are the commonly used heating elements. Heating by 
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electron beam or laser beam or RF source has the advantage of no contamination in the deposit 
and are more efficient than the conventional resistance heating. Palladium has been deposited on 
tantalum foil by using electron beam evaporation and ion beam sputtering (Peachey et al., 1996). 
Palladium can be evaporated at 1553ºC and thin films of Pd, Ag and Au have been deposited on 
porous supports by thermal evaporation (Ilias and Govind, 1960). The co-deposition of alloys by 
evaporation is difficult due to different partial pressures and evaporation rates from the molten 
components. However, the alloy films can be obtained by high temperature treatment of 
sequentially deposited films of the component metals from their pure sources by evaporation. 
Since the gas pressure during the deposition is very low, the mean free path of the gas molecules 
is longer by orders of magnitude than the distance between the source and the substrate. Thus the 
evaporated material’s atoms are ejected in straight lines from the solid and impinge and condense 
on the substrate. Since the atoms impinge at 0.2 eV kinetic energy, the adhesion of the film on 
the substrate might not be strong (Wachtman and Haber, 1986). Rates of deposition are usually 
about 1 µm/min (Shu et al., 1991). 
In sputtering the source atoms are ejected by the momentum transfer from the bombardment of 
accelerated gas atoms on the surface of the source. These atoms travel through the vacuum and 
deposit on the substrate. These sputtered atoms impinge with the kinetic energy of about 5eV and 
thus the adhesion of sputtered films is stronger than the evaporation deposited films (Wachtman 
and Haber, 1986). Palladium deposition by sputtering has been performed on polymeric 
membranes (Athayde et al., 1994), on Vycor glass (Bryden and Ying, 1995) and on porous 
alumina supports (Jayaraman and Lin, 1995; Jayaraman et al., 1995). The main advantage of 
sputtering is that the rate of evaporation of one metal is close to that of the other metal and thus 
this technique can be used for deposition of alloys. The rates of deposition by sputtering are less 
than 0.1 µm/min (Lee, 1978). 
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In the ion implantation technique the source is ionized by collisions with the electrons from a 
heated filament, which are then directed towards a magnet which selects the ions of desired 
mass. These ions finally go through an electric field which gives them their final energy and they 
get bombarded on the substrate. The penetration depth of these ions depends upon their type and 
the final energy. 
2.3.3 Plasma spraying 
Plasma spraying consists of particle melting, quenching and consolidation in a single process. In 
the arc plasma spraying process, the source particles are injected into a plasma jet stream, which 
then undergo rapid melting and at the same time are accelerated to the substrate, where rapid 
quenching of the droplets occurs. The advantages of this technique are high adhesion strength of 
the film due to high particle impinging energy, the heating source is inert and high melting 
materials can be deposited at higher temperatures. The disadvantages include the difficulty to 
control the consistency and composition of the coating over large areas. Spraying can produce 
porous coatings when high impinging velocities are used due to the gas entrapment and 
incomplete melting, wetting and/or fusion of deposited particles. Reactive materials cannot be 
sprayed in open air. High velocity oxy-fuel flame (HVOF) spraying was used deposit palladium 
on porous stainless steel support (Höllein et al., 2001). In the HVOF method, palladium powder 
was injected into the nozzle of a spray gun using nitrogen as a carrier gas (temperature between 
2600 and 2900ºC) .The deposit obtained was porous and required a thickness greater than 50 µm 
to become dense. 
2.3.4 Electrodeposition 
Electrodeposition is the process where the electric field between the electrodes causes the 
positively charged metallic ions in the solution to migrate to the cathode where they neutralize 
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and deposit on the substrate (Brenner, 1963-1964). As the deposition proceeds, the concentration 
of cations at the cathode become zero but that in the solution remains unaltered. This means that 
the diffusion becomes the more dominant process than the electric field. Current density, 
temperature and agitation of the electrolyte, convection in the immediate vicinity of the cathode, 
migration and the diffusion velocity of the ions, specific weight of the ions and the geometry of 
the cathode, all determine the supply of the cations to the cathode and hence influence the film 
structure and the properties. Certain inhibitors can also be added to the electrolyte for the 
purpose of brightening and complexing. These inhibitor molecules occupy various lattice sites 
preferentially and thus inhibit the normal growth. Palladium/nickel composite membrane was 
prepared by vacuum electrodeposition of Pd/Ni on porous stainless steel support (Nam and Lee, 
2000). 
2.3.5 Electroless plating 
In 1959, the first successful electroless plating method for the palladium was developed (Rhoda 
et al., 1959). They used palladium-amine complex, a reducing agent and a stabilizer as the 
components of the electroless plating bath for palladium deposition. Electroless plating is 
advantageous over other techniques because of the uniform deposition on complex shapes, 
hardness of the deposited film and relatively simple equipment needed for the plating. 
Electroless plating has been used to deposit palladium on porous glass (Uemiya et al., 1991), 
porous alumina (Kikuchi and Uemiya, 1991; Uemiya et al., 1991; Collins and Way, 1993; 
Paglieri et al., 1999) and porous stainless steel (Shu et al., 1993; Mardilovich et al., 1998). Also, 
electroless plating has been used in conjunction with osmotic pressure to have better control on 
the morphology of the deposit on alumina (Yeung and Varma, 1995), Vycor (Yeung et al., 1999) 
and porous stainless steel (Souleimanova et al., 2002) supports. 
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Activation step (preseeding of the substrate with palladium nuclei) is used to reduce the 
induction time for the autocatalytic electroless plating process. The porous stainless steel support 
can be activated by successive dipping in acidic SnCl2, acidic PdCl2, 0.01 M HCl and followed 
by rinsing with deionized water (Mardilovich et al., 1998). 
0422 PdSnPdSn +→+ +++       (2.1) 
 0.01 HCl was used to prevent the hydrolysis of Pd2+ ions. Rinsing with deionized water after 
dipping in SnCl2 was believed to form Sn(OH)1.5Cl0.5 and some other complicated hydroxyl-
chlorides which strongly adhere to the surface to form a layer of nanometer thickness. A loosely 
attached layer was formed in the excess of the Sn2+ ions while deficiency of Sn2+ ions can cause 
non-uniform seeding of the palladium nuclei on the substrate. Also, immersing in only acidic 
palladium containing solution resulted in unactivated substrates, which was confirmed by the 
SEM observations (Shu et al., 1993). An optimum activation on porous stainless steel was 
smooth and of a uniform dark-brown color and was obtained after six sensitization/activation 
cycles. Mardilovich et al. (1998) showed that for every cycle, the activated layer was 0.15 µm 
thick. They also showed that the activation layer mainly consisted of Sn(OH)4 and Pd nuclei and 
had the density of 3 to 3.5 g/cm3. The Pd-Sn activation method prior to electroless plating 
palladium has been used by several other researchers (Li et al., 1998). Activation of the support 
has also been performed by a 3 minute dip coating in a 0.05-0.2 M solution of palladium acetate 
in chloroform, drying, calcination at 400ºC, hydrotreating at 450ºC for 2 h and then cooling 
under hydrogen (Paglieri et al., 1999). 
The electroless plating of palladium is an autocatalytic reaction where the palladium being 
deposited catalyzes the oxidation of hydrazine, which is shown as: 
−+ +++→+ eNHOHNOHNHHN 4444 422442     (2.2) 
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−− ++→+ ClNHPdeClNHPd 4824)(2 3
0
243     (2.3) 
OHClNHNHNPdOHNHHNClNHPd 2432
0
442243 44824)(2 ++++→++  (2.4) 
or Equation (2.4) can be simplified as: 
OHNPdOHNNHHPd 22
0
22
2 4242 ++→++ −+     (2.5) 
It has been shown by measuring the volume of the nitrogen gas librated over a period of time, 
that the plating rate at 60ºC started to decrease after 90 minutes due to decline in the palladium 
ions in the plating solution (Mardilovich et al., 1998). The maximum possible plating rate shown 
by them was 3 mg of Pd/minute at 60ºC. Electroless plating combined with osmosis was first 
developed by Yeung and Varma (1995). Li et al. (1998) used electroless plating to deposit 
palladium for 30 h and then consolidated the coating by circulating 3 M NaCl solution through 
the tube for 10 h to densify the palladium film. The final thickness of the membrane was 10 µm. 
Li et al. (1998) emphasized that by using osmosis with electroless plating they were able to 
deposit small particles of Pd between the big particles of Pd to form a dense palladium film. 
The voltammetric and electron microscopic study of the electroless deposition of palladium from 
[Pd(NH3)4]2+ solutions has been performed using hydrazine and sodium hypophosphite as 
reducing agents (Paunovic and Ting, 1987). They showed that hydrazine based electroless 
plating solution had higher exchange current density of 25 /108.7 cmA−× for oxidation of the 
reducing agent and hence higher palladium deposition rate than the hypophosphite type plating 
bath with exchange current density of 25 /106.2 cmA−× . 
2.4 Hydrogen diffusion through the bulk of palladium 
The face centered cubic (f.c.c.) structure of palladium lattice (grain) has four octahedral sites and 
eight tetrahedral sites. It is at these two sites in the palladium lattice that the potential energy of a 
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hydrogen atom has a minimum. Thus, the atomic diffusion of hydrogen through the bulk of 
palladium occurs by the H atom jumping between the nearest neighbor octahedral sites while 
passing through the tetrahedral sites (Salomons, 1990). The addition of hydrogen in palladium is 
accompanied by the transfer of a small amount of charge in the regions between the neighboring 
palladium atoms to the region between the neighboring palladium and hydrogen atoms (Flanagan 
and Oates, 1991). 
Hydrogen permeation in palladium follows the following steps in series (Ward and Dao, 1999): 
1. Transport of hydrogen molecules from the bulk gas to the gas layer adjacent to the surface of 
the membrane. 
2. Dissociative adsorption of hydrogen on the surface of palladium. 
3. Transport of atomic hydrogen from the surface of palladium to the bulk of palladium. 
4. Atomic diffusion of hydrogen through the bulk of the palladium. 
5. Transport of the atomic hydrogen from the bulk to the surface of the palladium (on the low 
partial pressure side). 
6. Recombination of hydrogen atoms at the palladium surface and desorption from the surface. 
7. Molecular diffusion of hydrogen from the surface of the palladium to the bulk gas. 
Generally, the external mass transfer resistance is ignored. Also, the energy barrier for the 
desorption of hydrogen on palladium is equal to the heat of adsorption (Behm et al., 1983). 
The dissociative chemisorption of molecular hydrogen on clean palladium surface is not an 
activated step. However, the presence of impurities on the surface might make the adsorption an 
activated process. It was shown that the electronegative atoms (such as oxygen) adsorbed on the 
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surface of palladium could cause an energy barrier for the hydrogen molecule dissociation on the 
surface (Nörshov et al., 1984). 
2.4.1 Hydrogen diffusion in thick palladium membranes 
One dimensional Fickian expression can be used to understand the atomic diffusion of hydrogen 
through the bulk palladium as: 
z
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where D is the Fick’s diffusion coefficient (m2/s), Nb is bulk palladium atomic concentration 
(mol Pd/m3), ∆z is the membrane thickness (m), X is the H/Pd ratio and X1 and X2 are bulk H/Pd 
ratios adjacent to the upstream and downstream surfaces (mol H/mol Pd). 
The Einstein diffusion constant (D*) for the hydrogen in palladium is given by the Equation (2.7) 
(Wicke and Brodowsky, 1978): 
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According to Bohmholdt and Wicke (1967), the Fick’s diffusion constant (D) depends on the 
non-ideality of the dissolved hydrogen and is given by: 
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where X is the H/Pd atom ratio, D* is the concentration independent Einstein’s diffusion 
constant, aH is the activity of hydrogen and 2Hµ  is the chemical potential of hydrogen in the gas 
phase. Thus, for the Pd-H system at 298 K the value of D for the β-phase is 4.5 times greater 
than that of the α-phase (Bohmholdt and Wicke, 1967). This is because the α-phase has X ≤ 
0.015 and β-phase has X ≥ 0.6 at 298 K. 
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The Gibbs free energy of a component i of an ideal gas mixture igiG  can be expressed as (Smith 
et al., 2001): 
( )PRTddG igi ln=       (2.9) 
Hence, by integrating Equation (2.9), we get 
PRTTG i
ig
i ln)( +Γ=       (2.10) 
where ( )TiΓ  is the constant of integration. 
The chemical potential of the component i of an ideal gas mixture igiµ  is given as: 
yRTGigi
ig
i ln+=µ       (2.11) 
Combining Equations (2.10) and (2.11), we get 
( )PyRTTyRTPRTT iiiiigi ln)(lnln)( +Γ=++Γ=µ  (2.12) 
The dissociation of the hydrogen molecule on the surface of palladium occurs as: 
HH 22 ↔        (2.13) 
Hence, HH µµ 22 =        (2.14) 
where Hµ  is the chemical potential of the dissolved hydrogen atoms in the palladium. 
Using Equation (2.12) in (2.14), we get 
( ) ( ) ( )[ ])ln(2ln
22 HHHH
pRTTpRTT +Γ•=+Γ   (2.15) 
In case of X << 1 for the hydrogen in the bulk palladium, XpH = . Hence, 
( ) ( ) ( )[ ])ln(2ln
22
XRTTpRTT HHH +Γ•=+Γ   (2.16) 
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where ( )TH2Γ  and ( )THΓ  are the constants of integration. 
( ) )ln(tanln 5.0
2
XtconspH =+     (2.17) 
Equation (2.17) is also in agreement with the inset figure of Figure 2.2, which shows that for 
X<<1, X is directly proportional to the square root of the partial pressure of hydrogen. 
Thus, ( ) 5.0
2Hs
pKX =•      (2.18) 
or 
X
p
K Hs
5.0
2
=        (2.19) 
where, Ks (Sieverts' law constant) is the equilibrium constant of Equation (2.20) 
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Also, 
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Substituting (2.21) in (2.6), we get 
( )
zK
ppDN
JfluxHydrogen
s
HHb
∆
−
=
5.0
2
5.0
1 22,    (2.22) 
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Figure 2.2  Plot of equilibrium solubility isotherms of PdHn for bulk Pd at different temperatures 
where n = H/Pd ratio (Shu et al., 1991). Inset plot shows the low pressure region of the solubility 
isotherms (corrected by Guazzone (2006)). (Wicke and Nernst, 1964; Frieske and Wicke, 1973) 
Also, 
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Thus, using Equation (2.23) in (2.22) 
( )
z
ppSD
J HH
∆
−•
=
5.0
2
5.0
1 22      (2.24) 
Furthermore, 
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Some reported values of D0 and E1 for α-PdH are given in Table 2.1. 
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Table 2.1  Literature values of the D0 and E1 for hydrogen diffusion in α Pd hydride phase. 
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Using Equation (2.27) in (2.24), we get 
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Equation (2.28) is known as the Sieverts’ Law. Thus, Sieverts’ Law proves that for X<<1 and 
diffusion limited hydrogen permeation through a dense palladium membrane, the hydrogen flux 
is directly proportional to the difference of the square root of the pressures. 
From Equation (2.28), 
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where Q is the hydrogen permeability, F is the hydrogen permeance, E is the activation energy 
12H
p  is the hydrogen partial pressure on the high pressure side and 22Hp  is the hydrogen partial 
pressure on the low pressure/sweep side of the palladium membrane. 
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0 10×D  m
2/s E1 kJ/ mol Temperature ºC References 
4.5 24.1 250 to 1000 (Birnbaum and Wert, 1972) 
2.9 22.2 -40 to 600 (Völkl and Alefeld, 1978) 
2.94±0.2 22.0±0.2 260 to 640 (Holleck, 1970) 
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For the α-PdH phase, in the temperature range of 100 to 620ºC and pressure range of 0.03 to 
31067 −×  Pa, Q0 = 8108.1 −×  m3/(m⋅s⋅Pa0.5) and E = 15.5 kJ/mol (Balovnev, 1974). 
Also, from Equation (2.29) 
RT
EFF −= 0lnln     
Thus, by plotting ln F vs. 1/T, Mardilovich et al. (1998) found the activation energy of 16.4 
kJ/mol for pure palladium membrane, assuming that the hydrogen flux is directly proportional to 
the difference of the square root of the pressures (as in Equation 2.28). 
Thermodynamically, for a single phase palladium hydride region, the equilibrium partial 
pressure of hydrogen is related to temperature as: 
RT
Gp HH
∆
=
5.0
2
ln       (2.30) 
Also, by assuming ideal solution conditions for PdH system for X<<1 
HHH STHG ∆−∆=∆      (2.31) 
where HG∆  is the partial molar Gibbs free energy (J/mol), HH∆  is the partial molar enthalpy 
(J/mol), HS∆  is the partial molar entropy (J/mol⋅K) of dissolution at infinite dilution and X is 
geometrically limiting H/Pd ratio. 
Substituting Equations (2.30) and (2.31) into (2.19), the Equation (2.32) is obtained (Shu et al., 
1991): 
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Using the data of Holleck (1970), for X<<1 and T = 260 to 640ºC, [ 3104.8 ×=∆ HH  J/mol and 
7.48=∆ HS  J/mol⋅K] in Equation (2.32), Equation (2.33) can be obtained: 
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where T is in Kelvin and Ks is in atm0.5. 
Since 
s
b
K
N
S =        (2.23) 
Thus, the solubility of hydrogen in palladium for X<<1 is given by Equation (2.34). 
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At higher hydrogen pressures, the α-phase solubility equilibrium is given by the Equation (2.35) 
(Shu et al., 1991): 
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where Hµ  is the chemical potential of the dissolved hydrogen atoms in the palladium (kJ/mol). 
The α-phase solubility equilibrium in the supercritical region is given by (Shu et al., 1991): 
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The values of Hµ  and A were given as 32.9±0.8 kJ/mol and 41.9±2 kJ/mol respectively over the 
temperature range of 292-338ºC (Wicke and Blaurock, 1981). 
 
24 
2.4.2 Hydrogen diffusion in thin palladium membranes 
The hydrogen flux through a thin palladium membrane can be expressed as: 
( )
z
ppQ
J
n
H
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H
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−
=
21 22      (2.37) 
where n → 1, which can happen in the following cases: 
1. If surface diffusion is the rate limiting step for hydrogen diffusion in palladium. This can 
happen if the palladium membrane is very thin (negligible bulk resistance) or due to the 
poisoning of the palladium surface. 
2. If the membrane is not dense and has developed leaks. 
3. If there is transport resistance from the support to the hydrogen flux. 
The activation energy of the thin Pd-Ag membranes of thickness 0.163 µm and 0.175 µm in the 
temperature range of 100 to 200ºC was found to be 29.7 kJ/mol and 33.2 kJ/mol respectively 
(McCool and Lin, 2001). For the bulk diffusion limited hydrogen flux through a 20 µm thick Pd 
membrane, the activation energy was found to be 16.4 kJ/mol (Mardilovich et al., 1998). Thus, 
the hydrogen permeance at low temperature is likely to be surface diffusion limited. It was 
shown that above 200ºC the activation energy of hydrogen permeance decreases, proving that at 
higher temperatures, the bulk diffusion resistance is more dominant than the surface diffusion 
resistance (McCool and Lin, 2001). 
Figure 2.3 shows that for the temperatures between 230ºC and 375ºC, the hydrogen flux through 
thin palladium membranes (1µm and 10 µm) is desorption limited, whereas the flux in the thick 
palladium membrane (100µm) is close to the diffusion limited (Sieverts’ law) flux (Ward and 
Dao, 1999). Also, the hydrogen flux for all the palladium membranes was initially desorption 
limited at low temperatures and then it was bulk diffusion limited at high temperatures. 
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Figure 2.3  Plots of H atom flux vs. inverse temperature for Pd membranes of different thickness 
while neglecting mass transfer resistance. Solid curves were model calculations for P1 (high 
pressure side of membrane) = 1 atm, P2=0 and Ed = 12 kcal/mol. The straight dashed lines 
represent the diffusion-limited flux predicted under the conditions of interfacial equilibrium 
(Ward and Dao, 1999). 
2.5 Issues faced by palladium composite membranes 
2.5.1 Poisoning of palladium surface 
Palladium is also known to get poisoned by H2S, CO, CO2 and water vapor, which causes a drop 
in the hydrogen permeability. Several research groups have studied the effect of irreversible 
hydrogen sulfide poisoning on the hydrogen permeation behavior of the palladium membranes. It 
was found that the palladium membrane ruptured after the exposure to the hydrogen stream 
containing 6200 ppmv hydrogen sulfide at 400ºC for 1h (Kajiwara et al., 1999). Palladium 
sulfide formation had led to the dilation of the palladium lattice and structural stresses, which 
finally caused the rupturing. Bryden and Ying (2002) observed a 75% loss of the hydrogen flux 
after the exposure of 10µm thick nanostructured (28 nm grain size) Pd94Fe6 membrane to 51.9 
ppm of H2S in hydrogen. The hydrogen flux loss was 95% in case of the polycrystalline (100 nm 
grain size) Pd94Fe6 membrane. Also, the hydrogen flux recovered to 100% of its original value 
within 30 min of introduction of pure hydrogen in case of nanostructured membrane. Sulfur 
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atoms favor palladium atoms with high coordination numbers for poisoning. Thus, the loss of 
hydrogen flux was less for nanocrystalline as compared to the polycrystalline Pd-Fe membrane 
because in case of nanocrystalline membrane the low coordination palladium atoms at the grain 
boundaries remained unpoisoned by hydrogen sulfide. Chemisorption of sulfur on palladium 
surfaces causes a substantial decrease in the electron density of palladium near the Fermi level 
and a drop in the electron population of the 4d band (Rodriguez et al., 1998). This caused a 
decline in the surface activity of palladium for the adsorption reactions that involved donation of 
electrons to the adsorbing molecules (e.g., H2 adsorption on Pd). 
Studies have shown that the hydrogen flux decreased in the presence of CO at low temperatures 
(less than 300ºC) or high concentrations of CO (Amandusson et al., 2001). The adsorption of CO 
displaced the adsorbed hydrogen and further blocked the adsorption sites for hydrogen. 
However, this effect of CO poisoning on palladium surface has been shown to be reversible. 
Thus, increasing the temperature above 300ºC decreased the amount of CO adsorbed on the 
palladium surface. 
As shown in Figure 2.4, the presence of water vapor had greater reversible poisoning effect on 
the hydrogen flux through palladium membrane than CO and CO2 (Hou and Hughes, 2002). 
Physisorption of water occurred at lower temperatures, which changed to dissociative 
chemisorption at higher temperatures. The following two surface reactions could occur (Heras et 
al., 1997): 
Step1: The physisorbed water molecules dissociate on the palladium surface as:  
adsadsadsadsadsads HOOHorandHOHOH 2/
2
2
1
2 +→+→  (2.38) 
Step2: Water is regenerated by the following reactions: 
gasadsadsadsgasads OHHOorandOOHOH 2
4
2
3 2/2 →++→  (2.39) 
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Thus, the regeneration of water was accompanied by the generation of the O atoms that adsorbed 
on the palladium and caused the poisoning of the palladium membrane surface. 
 
Figure 2.4  Plot of effect of mole fraction of CO2, CO and H2O on the hydrogen permeance at 
T=275°C and ∆P=1 bar (Hou and Hughes, 2002). 
Another problem faced by the palladium membranes used in reactions involving hydrocarbons is 
the poisoning effect of coking. During the steam reforming of methane, the removal of hydrogen 
by a palladium membrane reactor could cause coking due to the methane decomposition (CH4 → 
C + 2H2) and the CO disproportionation (2CO → C + CO2) (Jørgensen et al., 1995). 
2.5.2 Hydrogen embrittlement 
As shown in the phase diagram of the Pd-H in Figure 2.2, below the critical temperature of 
300ºC and pressure of 6102×  Pa, β-hydride phase can nucleate from the α-hydride phase. At 
room temperature, absorption of small amounts of hydrogen in palladium cause the α-phase to 
form upto a maximum composition of PdH0.03 (Maeland and Gibb, 1961). Figure 2.5 shows that 
the lattice parameter of the α-phase is close to that of pure palladium (3.889 Å). However, with 
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further absorption of hydrogen, β-phase hydride (PdH0.6) is formed due to sudden expansion of 
the lattice to 4.018 Å. Thus, after few cycles of βα ⇔  transition, the palladium membrane can 
become brittle due to the strains caused by the palladium lattice expansion. However, above the 
critical temperature of 300ºC and pressure of 6102×  Pa, only α-hydride phase exists and no 
embrittlement occurs. 
High dislocation density was found in the palladium sample in which the β-phase hydride was 
formed below the critical temperature (Flanagan and Oates, 1991). According to Lewis (1967), 
pure palladium has a lattice parameter of 3.890 Å at 25ºC. At low hydrogen concentration of X ~ 
0.015 (where X = H/Pd), the f.c.c. palladium hydrogen system forms the α-phase. In this α-
phase at 25ºC the lattice parameter of PdHα is between 3.893 to 3.895 Å. For X = 0.7 in the β-
phase the lattice parameter is 4.040 Å at 1 atm hydrogen pressure. Figure 2.6 shows that the 
palladium sample that has been cycled through the miscibility gap, showed an enhanced dilute 
phase hydrogen solubility similar to heavily cold worked palladium sample, indicating the 
presence of similar dislocation densities (Lynch et al., 1977). The non-zero intersection along the 
H/Pd axis for the heavily cycled palladium sample indicates the presence of regions of 
appreciable internal tensile stress resulting from the phase changes. 
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Figure 2.5  Lattice parameter of the α and β phase of PdH at different temperatures (Maeland 
and Gibb, 1961). 
 
Figure 2.6  Plots of the dilute phase hydrogen solubility at 273 K in well annealed Pd 
(continuous curve) and in the sample that was previously cycled through the hydride phase (open 
circles) (Lynch et al., 1977). 
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2.5.3 Intermetallic diffusion 
For any metal, Tamman temperature is half the melting point of the metal in Kelvin. When a 
metal (say, A) reaches its Tamman temperature, the high thermal vibrations of its atoms cause 
the diffusion of metal A into the other metal with which it shares an interface. The melting points 
of palladium and stainless steel are 1552 and 1372-1400ºC respectively. Thus, their 
corresponding Tamman temperatures are 640 and 550-560ºC. Mardilovich et al. (1998) showed 
that the decline in hydrogen permeance after 550ºC could be explained on the basis of 
intermetallic diffusion of the metals from the porous stainless steel support into the palladium 
membrane. Thus, substantial intermetallic diffusion occurs at the lowest Tamman temperature of 
the metals at the interface. Figure 2.7 shows that there was a drastic decline in hydrogen flux of a 
10 µm thick palladium membrane at 200ºC as the iron content was increased (Bryden and Ying, 
2002). Even for 2 at. % of Fe in Pd, the hydrogen flux declined to almost half the flux value for 
the pure palladium. 
Different intermetallic diffusion barriers have been suggested. Magnetron sputtering has been 
used to deposit the intermetallic diffusion barriers of magnesia, tantalum oxide, zirconia and 
tungsten (Gryaznov et al., 1993). An oxide layer inter-metallic diffusion barrier has been 
developed by means of controlled in-situ oxidation of porous stainless steel supports (Ma et al., 
2000). This barrier improved the membrane stability upto 6000 h at 350ºC. 
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Figure 2.7  Plot of hydrogen flux of Pd-Fe membranes normalized for a 10 µm thickness. 
Predicted values(●), values for nanocrystalline samples (■)and values for polycrystalline 
samples (▲) (Bryden and Ying, 2002). 
2.5.4 Leak formation 
The membranes which are made dense at room temperature by multi-layered coatings by 
different methods, have been known to have developed leaks at high temperatures (~400 to 
500ºC). The presence of leak in a membrane has been identified by using gases such as nitrogen, 
helium and argon as the leak detecting gas. The ideal separation factor or the selectivity of a 
membrane is given by the ratio of the hydrogen flux to the flux of the leak-detecting gas. For 
obtaining ultra high purity hydrogen the theoretical selectivity should be almost infinite. 
However, for most of the leaking membranes selectivities are less than 1000. Metal defects such 
as the cracks, pinholes and imperfections have typically been attributed to be the cause of the 
leak formation in palladium membranes. Roa and Way (2003) developed a Pd-Cu composite 
membrane on asymmetric 0.05 µm cutoff zirconia coated α-alumina tubes (Roa and Way, 2003). 
The Pd90Cu10 membrane had a thickness of 3.5 ± 0.5 µm and it maintained a H2/N2 selectivity of 
7000 for ~ 70 days at 350ºC. However, this membrane had a low permeance of 0.0135 
mol/m2kPa0.5s or 10.9 m3/m2atm0.5h at 350ºC. This membrane had initially been accidentally 
exposed to air at 350ºC, which caused the selectivity to decline to 3.5. This membrane was then 
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cooled and replated with palladium and copper and recharacterized. It was hypothesized that the 
formation of oxidized palladium copper layer which rearranged itself to form pinholes. It was 
suggested that the oxidation of palladium might have created hills and valleys (Aggarwal et al., 
2000). This oxide layer on top of the ceramic support might have very small pore size which 
might have been completely plugged by subsequent depositions. However the problem was that 
they also showed many more Pd-Cu membranes which were never exposed to air at high 
temperatures but had very low selectivities of less than 100. Thus, the cause of leak formation 
must be more general than an occasional mishappening. Mardilovich et al (1998) suggested that 
leaks could form in the palladium membrane at the locations above the big pores in the support 
because of tension at the pores of the support at 350ºC. Thus, to decrease the probability of 
appearance of such pores, they suggested producing thicker membranes. They also suggested 
deposition of palladium inside the pores of the support or blocking these big pores prior to 
activation and plating. 
The permeance of the non-absorbable gases (FNA) through a leaking palladium membrane can be 
taken as the sum of the Knudsen and the viscous (Poiseuille) flow (assuming negligible surface 
flow) (Uhlhorn et al., 1989): 
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where Fk is the permeance due to the Knudsen diffusion (mol/m2⋅s⋅Pa), Fv is the permeance due 
to the viscous flow divided by the pressure (mol/m2⋅s⋅Pa2), µk is the geometric factor for Knudsen 
diffusion, µv is the geometric factor for viscous flow, ε is the porosity of the palladium layer, r is 
the radius of the pore (m), ∆z is the thickness of the palladium layer (m), M is the molecular 
weight of the gas and η is the viscosity of the gas at a given temperature T (kg/m⋅s). 
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Also, Pave= 2
21 NANA pp + , where pNA1 and pNA2 are the partial pressures of the non-absorbable 
gases on the high pressure side and the low pressure side respectively. 
2.6 Palladium alloys 
Alloying brings down the cost of the palladium membrane film. Properties of palladium can be 
significantly affected by alloying of Pd with the Group IB metals such as Cu, Ag and Au. This 
could happen because of the partial filling of the d-band vacancies of palladium by the electrons 
from the s-band of IB metals (Shu et al., 1991). 
Alloying with silver brings down the critical temperature of α-β phase transition, because silver 
has the same electron donating effect as the hydrogen atom in palladium and hence silver and 
hydrogen compete for filling of the electron holes in the 4d band of palladium (Shu et al., 1991). 
Figure 2.8 shows that alloying of palladium with silver increases the hydrogen solubility 
(Knapton, 1977). However, presence of silver in palladium is also known to decrease the 
diffusivity of hydrogen in palladium. Hence, as shown in Figure 2.9, the permeability of Pd-Ag 
membrane reaches a maximum value for 23 wt% Ag alloy at 350ºC and 6102.2 ×  Pa and is 1.7 
times the permeability of pure palladium. Also, silver has the Tamman temperature of 344ºC. 
Thus, a heterogeneous Pd-Ag deposit can be alloyed by heating at 400ºC (Shu et al., 1993). 
Electroless plating of silver from ammonia based bath involves the following reactions (Shu et 
al., 1993): 
−− ++→+ eOHNOHHN 444 2242     (2.41) 
0444 AgeAg →+ −+       (2.42) 
OHNAgOHHNAg 22
0
42 4444 ++→++
−+   (2.43) 
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Silver has a low activity in the catalysis of reaction (2.41) as compared to palladium (Equations 
(2.2) and (2.3)). Thus, electroless deposition of silver is preceded by activation by palladium 
nuclei. The silver deposition on palladium activated substrate was found to cover only the 
external surfaces and not the deep pores. During the attempt of codepositing palladium and 
silver, it was shown that the preferential deposition of silver passivated the codeposition effort 
when EDTA was used as the complexing agent (e.g., 25Pd-75Ag) (Shu et al., 1993). This effect 
was subdued when palladium rich plating baths were used (e.g., 83.4Pd-16.6Ag). 
 
Figure 2.8  Plot of solubility of hydrogen in Pd-Ag alloy at 101 kPa (Knapton, 1977). 
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Figure 2.9  Plot of permeability of hydrogen in Pd alloy membranes at 350°C and 6102.2 ×  Pa 
(Knapton, 1977). 
Figure 2.9 also shows the maximum permeability of Pd-Cu alloy for 40 wt% Cu. At this 
composition the diffusivity of hydrogen in the alloy is two orders of magnitude higher than that 
of pure palladium and has the bcc structure (Shu et al., 1991). The lower compositions of Cu in 
Pd exist in the f.c.c. phase. This is because the b.c.c. structure has much lower activation energy 
for diffusion than the f.c.c. structure (Völkl and Alefeld, 1978). Thus, the diffusion coefficient of 
b.c.c. PdCu is higher than the f.c.c. Pd (Figure 2.10). The b.c.c. alloy phase can be formed below 
600ºC. Also, Pd60Cu40 has the critical temperature of β-hydride phase transition below the room 
temperature and exhibits better chemical stability against the H2S poisoning. Roa et al (2002) 
and (2003) made several Pd-Cu membranes by sequential electroless plating followed by 
annealing, on symmetric and asymmetric porous ceramic supports. The deposition of palladium 
on copper was difficult because copper partially or completely dissolves in the palladium plating 
bath. Thus, palladium was deposited first and then copper was plated on top of palladium. They 
performed annealing at temperatures ranging between 350 and 700ºC for time between 6 to 25 
days for achieving homogeneous alloying of Pd with Cu. Most notably they made a Pd-10 wt % 
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Cu membrane of 11 µm thickness on an asymmetric porous support of α-alumina, with zirconia 
on top to make the nominal pore size of support as 50 nm. This membrane showed a hydrogen 
flux of 0.8 mol/m2s (~64.51m3/m2h) at 450ºC and 345 kPa H2 feed pressure and had a selectivity 
of 1150 for the same conditions. 
 
Figure 2.10  Plot of diffusion coefficient of Pd, Cu, Pd0.47Cu0.53 (b.c.c.) and Pd0.47Cu0.53 (f.c.c.) 
(Völkl and Alefeld, 1978) 
8 wt% Yttrium and 7 wt% cerium in palladium also show higher permeabilities than pure 
palladium (Figure 2.9). Y and Ce alloys are harder than Pd-23 % Ag alloys and thus can be used 
to make strong thinner membranes (Shu et al., 1991). The summary of the extent of improvement 
in the hydrogen permeability for various binary alloys at 350ºC has been given in Table 2.2. 
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Table 2.2  Hydrogen permeability ratio for different Pd alloys (Knapton, 1977). 
 
2.7 Morphology of palladium deposits 
The atoms of most metals are about few angstroms in size (1 Å = 10-10 m). The size of palladium 
atom is 2.752 Å. Depending upon the manner in which an atom associates itself with the rest of 
the atoms on the substrate, the process can be called nucleation or growth. As the deposition 
proceeds, the atoms can deposit at new sites and have a new orientation (nucleation) or deposit at 
the old sites and follow the old orientation pattern (growth). The initial growth of a film is 
strongly influenced by the substrate material and crystallography and surface smoothness, 
surface imperfections and contaminants. While the subsequent stages of growth are influenced 
by the initial growth however the final growth is independent of the nature of the substrate. 
The adhesion of the film to the substrate is dependent on the strength of the bond formed 
between the film and the substrate. Chemisorbed films have stronger adhesion than the 
physisorbed films which are held by the weak van der Waals forces. The presence of 
contaminants (even of few atomic layers) on the surface of the substrate can drastically decline 
the adhesion forces between the substrate and the film. 
Membrane alloy Weight % composition for maximum 
permeability 
Permeability ratio 
Palloy/PPd 
Pd Pd100 1.0 
Pd-Ag Pd77Ag23 1.7 
Pd-Cu Pd60Cu40 1.1 
Pd-Au Pd95Au5 1.1 
Pd-Y Pd90Y10 3.8 
Pd-Ce Pd92.3Ce7.7 1.6 
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The scanning electron micrographs of the palladium deposited by electroless plating from the 
hydrazine based bath after the first 6 s of plating showed that the three dimensional crystallites 
(nuclei) were bigger in size at 20ºC than that at 60ºC (Paunovic and Ting, 1987). However, the 
rate of deposition was slower at 20ºC than that at 60ºC. For the TEM analysis the palladium film 
was peeled of the substrate (aluminum), stuck to the TEM grid and then ion milled to 
perforation. The size of the nuclei was found to be about 10 nm (Figure 2.11). The rate of 
nucleation was found to be of the order of 107-108 nuclei/cm2s. 
 
Figure 2.11  Transmission electron micrograph of electroless deposited Pd (hydrazine type, 2 g/l 
PdCl2, 65°C) (Paunovic and Ting, 1987). 
Palladium was deposited on 316L porous stainless steel by electroless plating from a bath 
containing Pd(NH3)4(NO3)2 salt and hydrazine as the reducing agent (Shu et al., 1994). Plating 
from concentrated bath (PM-8) and 100 times dilute bath (PM-2) was performed (Figure 2.12). 
By means of X-ray diffraction studies, Shu et al. (1994) showed that the deposit obtained from 
the dilute plating bath had the grain size of 420 nm and had a mat appearance while that obtained 
from the concentrated bath had the grain size of 11 nm and had bright appearance. The deposit 
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from the dilute bath also exhibited faceted large crystals separated by voids (Figure 2.12 (d)). 
The deposit with big grain size could not make the membrane argon dense at 20.3 µm whereas 
the deposit with small grain size was dense at 14.1 µm. The deposits with big grains are known 
to form porous films and are reason for the mat appearance of the final film. Similar faceted 
large crystals were also observable in the SEM picture of the palladium deposited on activated 
substrate for 3 h (Figure 2.13(b)) while the grains were more spherical (50 nm) after the 30 min 
of plating (Figure 2.13(a)) (Shu et al., 1993). 
 
Figure 2.12  Scanning electron micrographs of Pd deposits. (a) PM-8 (b) PM-2 (15 min) (c) PM-
2 (60 min) (d) PM-2 (Shu et al., 1994). 
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Figure 2.13  Scanning electron micrographs of Pd deposit (a) after 30 min (b) after 3 h on 
activated substrate (Shu et al., 1993). 
Based on the behavior of the average density of the three dimensional crystallites (nuclei) with 
respect to the plating time, Paunovic and Ting (1987) suggested the three stages of deposition: 
1. Nucleation: the formation of palladium nuclei on the substrate. 
2. Three-dimensional growth to form fine particles. 
3. Crystal coalescence to form large secondary particles and a continuous film. 
The three dimensional growth depends on the activity of the palladium nuclei, concentration of 
the metal ions in the bath, temperature of plating and agitation. Nucleation rate is greatly 
influenced by the supersaturation of the deposition bath, which in turn is controlled by the metal 
ion concentration. The larger the nucleation rate, the more is the deposition of small palladium 
particles. This explained the smaller grain size of the palladium deposited from concentrated 
bath. The low supersaturation was responsible for the faceted crystalline structure for the 
palladium deposited from the dilute solution. Shu et al. (1994) also agreed that the large grain 
size was obtained when the growth was nucleation inhibited. This meant that the palladium 
atoms tent to deposit at kinks and ledges, which had high annexation energy due to the low 
number of neighbors when the growth was nucleation inhibited. When all such potential sites 
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were saturated, perfect facetted crystals were formed (Figure 2.12(b)). Thus, palladium deposit 
obtained from the dilute plating bath followed the nucleation inhibited growth model. Chou et al. 
(1992) also showed that the higher complexing agent to Pd2+ ion ratio favored the deposition of 
large crystallites, which also agreed with the observation of Shu et al. (1994) that the low 
palladium ion concentration led to large faceted grains (Chou and Chen, 1992; Chou et al., 
1992). 
The fraction of atoms at the grain boundary positions became very significant as the grain size 
approaches the nano scale (Divakar and Raghunathan, 2003). This could mean faster surface 
diffusion of hydrogen. They suggested the grain boundary thickness of 0.5 nm. Assuming a 
tetrakaidecahedral (14-faced) grain model, for a grain of 2.4 nm size the grain boundary volume 
fraction was almost 50% and for 10 nm grain size it was about 12% (Palumbo et al., 1990). For 
the grain sizes of few microns the grain boundary volume fraction was less than 1%. Thus grain 
boundary diffusion is significant in nano grains than in micro grains. Voids have been reported in 
nanocrystalline palladium of the size range of 0.1 to 1 nm (Wunderlich et al., 1990). 
Properties of the nanocrystalline materials can be very different from their bulk properties. 
Decreasing the size of the grains could help increase the strength and strain hardening of single-
phase metallic materials (Ebrahimi et al., 1999). They performed electrodeposition of Ni on 100 
µm thick copper disc with a diameter of 3.5 cm, at 30°C using a sulfamate solution containing 90 
g/l Ni, 30 g/l boric acid and 0.15 g/l sulfamate-nickel-anti-pit. The pH of the solution was 
changed using controlled amounts of nickel carbonate. After plating, the copper substrate was 
dissolved. The thickness of the Ni specimens was between 25.5 to 45 µm. XRD measurements 
showed that the increase in pH of the solution caused the grain size to decrease and the grain size 
was more uniform throughout the thickness. It was suggested that the increase in pH caused an 
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increase in the rate of nucleation of the Ni grains, forming small grains especially on the solution 
side of the film. 
The Hall-Petch relation 
5.0
0
−
−
+= gPHy dKσσ       (2.44) 
shows that as the average grain size (dg) decreases, the yield strength in materials (σy) increases. 
It has been shown that the materials with grain sizes between 15 to 100 nm were stronger than 
the microstructured grains. It was suggested that the strengthening was provided by the grain 
boundaries acting as the barriers to dislocation motion. The materials with grain size less than 15 
nm have shown inverse the Hall-Petch behavior, whereas the grain size decreased, the strength of 
the material also decreased. Two possible explanations for the inverse Hall-Petch behavior have 
been suggested (Shanks, 2003). One is that the grains are too small to support a dislocation 
pileup and the other is that the grain boundaries form a continuous matrix with each grain 
embedded in the matrix. 
Shu et al. (1993) found that the lattice parameters for palladium deposit after 0.5 h plating was 
3.892 Å while that after 3 h plating on an activated substrate was 3.883 Å. The theoretical lattice 
parameter of palladium is 3.889 Å. This meant that as the grain size increased the lattice 
contracted. 
2.8 Effect of grain size on hydrogen flux 
Grain boundaries accounted for 27% volume in a nanocrystalline palladium sample, with the 
grain size of 8 to 11 nm (Mütschelle and Kirchheim, 1987). The nanocrystalline sample of grain 
size 8 nm comprised of 20 % volume for the grain boundaries (Palumbo et al., 1990). 
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The investigation of the hydrogen diffusion in nanocrystalline palladium by quasi-elastic neutron 
scattering showed that the hydrogen diffusion in the grain boundaries of the nanocrystalline 
palladium was ~ 100 times faster than the diffusion through the palladium lattice (Stuhr et al., 
1997). 
McCool and Lin (2001) deposited Pd-Ag alloy membrane by dc magnetron sputtering on coarse 
pore α-alumina support having fine pores of 4 nm size of γ-alumina on top (McCool and Lin, 
2001). They showed that for a heat treated membrane because of the increase in grain size, the 
hydrogen permeance increased and helium leak decreased. However, this analysis could be 
partial as the alloy composition of the Pd-Ag membrane might have changed at high temperature 
along with grain growth. They argued that for a two fold increase in He permeance of 0.126 (10-
8mol/m2.s.Pa), the corresponding hydrogen flow through the defects or grain boundaries 
assuming Knudsen flow would be 0.178(10-8mol/m2.s.Pa), which accounted for only 1.3% of the 
total actual increase in hydrogen permeance. Thus, they argued that the increase in the grain size 
caused the increase in hydrogen permeance, which was mainly the bulk flow and not the defect 
flow. 
Compared to lattice diffusion, grain boundary diffusion is significantly faster due to the excess 
free volume in the grain boundaries. It is possible to have 10 times higher hydrogen diffusivity in 
nanostructured palladium as compared to the coarse grained palladium (Kirchheim et al., 1988). 
In the nanocrystalline palladium, the solubility of the hydrogen was about one to two orders of 
magnitude larger than that in single-crystalline palladium, for the same hydrogen equilibrium 
pressure (Mütschele and Kirchheim, 1987). Mütschele and Kirchheim (1987) showed that the 
diffusion coefficient for the single crystal palladium was independent of the hydrogen 
concentration below 0.005 H/Pd whereas for the nanocrystalline palladium the diffusion 
coefficient depended on the H/Pd ratio (Figure 2.14). Thus, above the H/Pd ratio of 0.002, the 
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nanocrystalline palladium had higher diffusion coefficient than the single crystal palladium. It 
was proposed that for low hydrogen concentrations, hydrogen first filled the low energy sites and 
therefore the diffusion coefficient was low in nanocrystalline palladium. However, as the 
hydrogen concentration increased, higher energy sites (grain boundary region) had to be 
occupied, causing an increase in the diffusion coefficient for the nanocrystalline palladium. 
Grain growth occurred at 20% of the melting point of the metal (Wong et al., 1986). Also, the 
grain growth in a thin film was different from bulk samples because of the presence of the 
interface with top of the film and the substrate (Thompson, 1990). Also, it has been shown that 
hydrogen diffusion along the grain boundaries occurred in atomic form (Kirchheim et al., 1988; 
Janßen et al., 1997). Bryden and Ying (2002) deposited Pd-Fe nanostructured (grain size of 10-
40 nm) alloy membranes (3-30 µm thick) by pulsed electrodeposition and showed that 
nanostructured membranes exhibited higher hydrogen permeability and improved resistance to 
hydrogen sulfide poisoning and hydrogen embrittlement at temperatures less than 200ºC. It was 
also shown that for low Fe contents (5 at%), the hydrogen flux decreased as the grains grew after 
annealing at 400ºC. In this case the grains grew from 28 nm to more than 100 nm, causing a 
decline of ~70% in the hydrogen flux, but increasing the iron content decreased the hydrogen 
flux, with no hydrogen permeating in case of 28 at% Fe-72at% Pd membrane. They argued that 
the increase in the iron content caused the shrinking of the palladium lattice causing a decline in 
the hydrogen solubility. However these nanostructured membranes suffered from grain growth at 
higher temperatures. It has been shown that by alloying palladium with zirconium to obtain 
Pd80Zr20 by high energy ball milling, significant grain growth was not initiated until 900ºC due to 
the solute segregation of Zr to the grain boundaries (Liu and Kirchheim, 2004). 
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Nanocrystalline palladium (grain size ~ 8 nm) was shown to have narrower miscibility gap 
because the β hydride phase did not form in the distorted regions adjacent the grain boundaries of 
the sample (Mütschelle and Kirchheim, 1987). 
 
Figure 2.14  Diffusion coefficient of hydrogen at 293 K as a function of hydrogen concentration 
in single crystalline palladium (closed circles) and nanocrystalline palladium (open circles) 
(Mütschele and Kirchheim, 1987). 
Amorphous metallic alloys are also known to show higher solubility for dissolving hydrogen 
without forming metal hydride as compared to the crystalline metals (Itoh et al., 1995; Itoh et al., 
1998; Santos and De Miranda, 1998). It is considered that large amount of hydrogen is first 
dissolved in the matrix of defects present in the amorphous substrate and then dissolved 
hydrogen diffuses by atomic random jumps within the matrix. 
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CHAPTER 3 
EXPERIMENTAL PROCESDURES 
In order to study the cause of the leak formation in palladium membranes, palladium composite 
membranes and self standing palladium films were prepared by electroless plating of palladium. 
3.1 Types of supports 
A typical palladium composite membrane was prepared by electroless plating of palladium on a 
porous support. The porous support (tube) was welded to non-porous support (tube) for the ease 
in handling (Figure 3.1). 316L porous stainless steel (PSS) and inconel were used in this 
research. 
 
Figure 3.1  Representation of the support used for preparing a palladium composite membrane. 
Three pure palladium composite membranes were analyzed, namely A02, A03 and A04. 
Membrane A02 was made on a 0.2 µm grade 316L porous stainless steel (PSS) support and 
membranes A03 and A04 were made on porous inconel supports. Both types of supports were 
supplied by Mott Metallurgical Corporation. 0.2 µm grade support means that 95% of the 
particles of the size of 0.2 µm and bigger are filtered out (rejected) by the support. The supports 
for membranes A03 and A04 were cylindrical in shape (Figure 3.1) and had 1.27 cm outer 
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diameter and 6 cm porous length. The support for A02 membrane had the outer diameter of 1.27 
cm and porous length of 8.5 cm. 
The samples for the chemical composition and morphological analysis of the palladium deposits 
were prepared by electroless plating of palladium on small porous metallic coupons. The 
dimensions of a typical coupon are shown in Figure 3.2 These coupons were 0.2 µm grade 316L 
porous stainless steel (PSS) supports. 
 
Figure 3.2  Representation of the porous coupons made of 0.2 µm grade 316L PSS. 
3.2 Cleaning of the supports 
The surface roughness of the porous support can improve the adhesion of the palladium film to 
the substrate (Honma and Kanemitsu, 1987). Hence, the porous support is desired to have 
optimally rough (no big morphological bumps) but clean surface for strongly adhered palladium 
deposition. The mechanical cleaning was performed with a metallic brush and/or grinding wheel 
to make the welded area between the porous and non-porous supports smooth. This was followed 
by 1 h treatment with alkaline solution at about 60ºC in an ultrasonic bath. The composition of 
the alkaline bath is given in Table 3.1. The supports were then rinsed with tap water and di-
ionized water until the alkalinity of the support was completely removed. Finally the support was 
rinsed with isopropanol and then dried for at least 3 h at 120ºC. 
Thickness 
~ 0.1 cm 
Surface area 
~ 1 cm2 
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Table 3.1  Composition of the alkaline solution used for cleaning supports. 
 
3.3 Intermetallic diffusion barrier formation 
Intermetallic diffusion barrier was made by controlled oxidation of the supports (Ma et al., 
2000). The supports were oxidized at temperatures between 600 and 800ºC in the high 
temperature furnace, which ramped to the set point at the rate of 5ºC per minute. 
3.4 Palladium deposition 
Electroless plating was used to deposit thin palladium films. Electroless plating was performed in 
two steps. 
The first step was the activation, where the supports (e.g. porous stainless steel) were seeded by 
Pd nuclei using acidic SnCl2 and PdCl2, whose compositions are given in Table 3.2. The 
activation step was needed to reduce the induction period at the beginning of the autocatalytic 
electroless plating process. The chemical reaction involved in the activation step is shown in 
Equations (3.1) and (3.2). The procedure used for the activation process is shown in Figure 3.3. 
The activation step also involved the immersion of the support in 0.01 M HCl after immersing in 
PdCl2 in order to prevent hydrolysis of Pd2+ ions. 
Component Concentration 
Na3PO4.12H2O 45 g/l 
Na2CO3 65 g/l 
NaOH 45 g/l 
Detergent ~ 5 ml /l 
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Table 3.2  Chemical composition of SnCl2 and PdCl2 solutions used in the activation step. 
 
−+ +↔ ClSnSnCl 222     (3.1) 
0422 PdSnPdSn +→+ +++     (3.2) 
Sn4+ was removed while rinsing and the activated nuclei Pd0 was deposited on the substrate 
surface. 
 
Figure 3.3  Schematic diagram showing the procedure for activation step. 
In the second step, palladium was deposited by the autocatalytic reduction of palladium by 
hydrazine (Equation (3.3)). The composition of the plating solution is given in Table 3.3. The 
activated support was immersed in the palladium plating solution, where the plating solution was 
at 60°C and the ratio of the volume of the plating solution to the surface area of the substrate was 
Acidic SnCl2 solution Acidic PdCl2 solution 
SnCl2.2H2O = 1g/l PdCl2 = 0.1 g/l 
HCl (~37%) = 1 ml/l HCl (~37%) = 1 ml/l 
pH = 2 pH = 2 
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3.5 cm. A typical 90 minute plating generated about 1 to 2 µm of palladium film. After each 
plating, the membrane was dried at 120ºC for about 10 hours and then tested for gas tightness by 
using helium under a pressure difference of 1 atm. Until the membrane became gas tight, the 
activation and electroless plating steps were repeated. The final thickness of the membrane was 
calculated gravimetrically using the known density of palladium of 12 g/cm3. 
OHNPdOHNHNHPd 22
0
22
2 4242 ++→++ −+    (3.3) 
Table 3.3  The chemical composition of the palladium plating solution. 
 
In case of A02 alumina grading was performed on the oxidized porous stainless steel support 
(Guazzone, 2006). This was done in order to make the pore size distribution on the surface of the 
support uniform. The summary of the three palladium membranes characterized are given in 
Table 3.4. 
Table 3.4  Summary of the palladium membranes characterized. 
Metal source Pd(NH3)4Cl2.H2O 4 g/l 
Buffer NH4OH (28%) 198 ml/l 
Complexing agent Na2EDTA 40.1 
Reducing agent NH2NH2(1M) 5.6 TO 7.6 ml/l 
pH  10.4 
 Support type Surface 
modification 
Oxidation 
treatment 
Final Pd thickness 
A02 0.2 grade 316L PSS Alumina 
grading 
12 h at 600ºC 12.03 µm 
A03 porous inconel support - 10 h at 600ºC 6.4 µm 
A04 porous inconel support - 10 h at 800ºC 8.3 µm 
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3.5 Membrane characterization 
Dense palladium composite membranes were characterized in the system shown in Figure 3.4. 
The membrane was enclosed in a non porous stainless steel reactor shell, which was then placed 
inside the furnace. The furnace temperature was controlled by Eurotherm digital controller 
(Model 808) coupled with a J-type thermocouple. The shell side thermocouple was embedded 
between the outer wall of the reactor shell and the inner furnace wall. The two pressure 
transducers measured the shell side and the tube side absolute pressures. The tube side pressure 
was assumed to be the atmospheric pressure. The shell side pressure was adjusted with the help 
of a control valve and needle valve. The hydrogen or helium was fed to the shell side of the 
membrane. The shell side exit gas was purged while the tube side exit gas was sent to the digital 
bubble meter or to the mass flow meters. After testing the membrane with hydrogen, the tube 
side was purged with helium gas for ~ 2 hours, in order to avoid the back flux of the hydrogen 
through the membrane. 
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Figure 3.4  Schematic diagram of the membrane characterization system. 
3.6 Analysis equipment 
The scanning electron imaging and energy dispersive X-ray spectroscopy was performed with 
Amray 1610 Turbo Scanning Electron Microscope (SEM) at the Chemical Engineering 
Department of Worcester Polytechnic Institute. 
The surface elemental analysis was performed with Kratos Axis Ultra X-ray Photoelectron 
Spectrometer (XPS) at the Center for Materials Science and Engineering, Massachusetts Institute 
of Technology and ESCA SSX–100 XPS at the Harvard University Center for Nanoscale 
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Systems (CNS) and National Science Foundation’s National Nanotechnology Infrastructure 
Network (NINN) facility. 
The high resolution transmission electron microscopy was performed with Philips 420T TEM 
and JEOL 2100 TEM at the Harvard CNS and NINN facility. 
3.6.1 TEM sample preparation 
The TEM samples were the stand-alone metal foils, which had to be made electron transparent. 
Thus, about 2-3 µm thick palladium or palladium alloy foils were deposited by electroless 
plating on a silicon wafer. These foils were then easily peeled off from the silicon wafer and 
punched to form 3 mm diameter disks. The stand-alone 3 mm diameter disks were then fixed to a 
copper ring to provide support. The final step of making the specimen electron thin (Figure 3.5) 
was done using the Precision Ion Mill (PIM) at the Harvard CNS and NINN facility. During the 
precision ion milling, a beam of Ar ions impinged on a rotating specimen and knocked out the Pd 
atoms. The milling occurred preferentially at locations of high energy such as the grain 
boundaries. 
 
Figure 3.5  Top and side view representation of a TEM specimen (Figure not to scale). 
 
54 
CHAPTER 4 
RESULTS AND DISCUSSION 
The palladium composite membranes were made dense at room temperature. This means that the 
membrane had almost infinite selectivity (selectivity is the ratio of the flux of hydrogen to the 
flux of leak detection gas). However, when the membranes were characterized at the high 
temperature (~500ºC), some of them developed leaks and the selectivity of the membrane 
declined. The leaks were detected by using the helium gas because it is the smallest gas 
molecule. Thus, in an attempt to identify the cause of leak formation in the palladium composite 
membranes, the following experiments were conducted to analyze the chemical and 
morphological behavior of the palladium composite membranes at high temperatures (~500ºC) 
and in the reducing environment of hydrogen. 
4.1 Effect of He and H2 atmospheres on the leak formation 
Membrane A02 was a Pd/PSS composite membrane that was made on a 0.2 grade 316L stainless 
steel support. The welded areas of the support were cleaned mechanically and the porous part of 
the support was treated with 600 grade sand paper. This was followed by treatments of one-
minute in 0.1M HCl and one hour in alkaline solution in an ultrasonic bath. Then the support was 
thoroughly rinsed with tap water, DI water and finally with isopropanol. The oxidation of the 
bare support in air at 600ºC for 12 hours formed the intermettalic diffusion barrier. The uniform 
pore size distribution was achieved by grading with alumina powder (Guazzone, 2006). After 
successive electroless plating of Pd, the final dense membrane had the Pd thickness of 12 µm. 
The porous section of the membrane had the length of 8.5 cm and the diameter of 1.27 cm. Thus, 
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the porous area of the membrane was 33.9 cm2. The green membrane had a leak of 0.15 sccm 
before the hydrogen characterization. 
The membrane was first heated to 280ºC in He atmosphere in order to avoid hydrogen 
embrittlement. Then the membrane was heated in hydrogen to 500ºC, where it showed steady 
permeance of 22 m3/(m2.h.atm0.5) for 36 hours as shown in Figure 4.1. 
 
Figure 4.1  Plot of hydrogen permeance, temperature and pressure difference across the A02 
membrane (permeance calculated using Sieverts' Law). 
After the first testing the membrane was cooled to room temperature and the helium leak was 
measured at ∆P = 1 atm. Because the helium leak had increased 3.4 times more than that before 
testing, the A02 membrane was replated to repair the leak in the membrane. The leak of A02 
membrane after replating was 0.21 sccm and the final Pd film thickness was 15 µm. This was 
followed by 6 more stages of annealing in hydrogen or helium atmospheres. After each 
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annealing the helium leak was measured at room temperature and ∆P = 1 atm. The description of 
the various annealing stages of membrane A02 after which the He leak was measured is given in 
Table 4.1. The He leak data at room temperature of membrane A02 is shown in Figure 4.2. 
Figure 4.2 shows that after stages 2, 4 and 7, when the membrane was annealed under the 
hydrogen atmosphere, the He leak increased whereas the stages 5, 6, 8 and 9 the leak was either 
stable or decreased in the helium atmosphere. 
Table 4.1  Description of stages of membrane A02. 
 
Stage 1: He leak of green membrane (12 µm) 
Stage 2: He leak after H2 annealing at 500ºC for 36h 
Stage 3: He leak after repairing of the membrane (15 µm) 
Stage 4: He leak after H2 annealing at 275ºC for 40h 
Stage 5: He leak after He annealing at 500ºC for 12h 
Stage 6: He leak after He annealing at 500ºC for 12h 
Stage 7: He leak after H2 annealing at 300ºC for 75h 
Stage 8: He leak after He (both shell and tube side) annealing at 300ºC for 15h 
Stage 9: He leak after He (both shell and tube side) annealing at 500ºC for 12h 
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Figure 4.2  He leak at room temperature after H2 and He annealing stages of Pd/PSS membrane 
A02 at ∆P = 1 atm. 
4.2 Elemental Analysis of palladium deposit 
The increase of leak of the A02 palladium composite membrane in hydrogen atmosphere 
suggested that either the palladium layer contains some reducible impurities or the oxidized PSS 
surface might be getting reduced. It could be possible that some reducible compounds such as 
chlorides and oxides, plug the grain boundaries or the pinholes in the palladium deposit at room 
temperature, which then get reduced when the palladium membrane was annealed in hydrogen 
atmosphere and formed the leak. 
4.2.1 Reducible impurities in the palladium deposit 
The bulk Energy Dispersive Spectroscopy (EDS) of the freshly deposited palladium showed the 
presence of ~100% palladium. However, the EDS gives the elemental information from a 
volume of about 1 µm3 and is not sensitive enough to detect nanoscale impurities or oxides in the 
palladium deposit. Thus, X-ray Photoelectron Spectroscopy (XPS) was used for analyzing the 
state of chemical bond of the atoms present close to the surface of a specimen by irradiating the 
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surface with x-rays and measuring the amount of energy and number of photoelectrons emitted 
due to the photoelectric effect. Based on the chemical composition of the activation and plating 
bath of Pd, chlorides and oxides were the most likely elemental forms that might be present in 
the palladium layer, which could get reduced by hydrogen at higher temperatures. To evaluate 
this hypothesis, elemental surface analysis of the Pd layer was performed with Kratos Axis Ultra 
X-ray Photoelectron Spectrometer (XPS) at the Massachusetts Institute of Technology. The XPS 
had a scanning area of 400×700 µm and a depth of 10 nm. The samples used for this analysis 
were three 0.2 grade PSS coupons oxidized at 600°C and then electroless plated with Pd to a 
thickness of 2 µm. The annealing treatment of these three coupons is given in Table 4.2. 
Table 4.2  Annealing description of the samples used for XPS analysis. 
 
No traces of volatile chloride impurities were found in the XPS elemental surface maps of the 
freshly plated Pd sample (Figure 4.3), Pd annealed in hydrogen (Figure 4.4) and Pd annealed in 
He (Figure 4.5). Some carbon, tin and oxygen peaks were seen along with the expected Pd peaks. 
The carbon and tin could act as poisons to the catalytic activity of palladium and cause decline in 
the permeance of the palladium membrane. Sodium could be from the remnants of sodium 
EDTA used as complexing agent in the Pd plating bath, if the sample was not rinsed thoroughly. 
The oxygen could be in the form of a surface adsorbed layer or as palladium oxide. To determine 
if there was any existence of palladium oxide, high resolution XPS scans were performed as 
shown in Figure 4.6. In the metallic state of Pd, Pd-3d5/2 peaks exist with a binding energy of 
Coupon number Description 
6 Freshly plated Pd (2 µm) 
4 Pd annealed at 500°C in H2 for 24h (2 µm) 
3 Pd annealed at 500°C in H2 for 24h (2 µm) 
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335.1 to 335.5 eV. However, in the divalent state of PdO, Pd-3d5/2 peaks exist with a binding 
energy of 336.1 to 336.5 eV. At high resolution the measuring accuracy of the XPS was 0.2 eV. 
Figure 4.6 shows that the freshly deposited palladium was present in two chemistries. One 
chemistry had the 3d5/2 peak at 335.570 eV and thus, it appeared to be the pure crystalline 
palladium. However, the second chemistry had the 3d5/2 peak at 336.328 eV, which fell in the 
region of PdO. Figure 4.7 of the hydrogen annealed palladium and Figure 4.8 of the helium 
annealed palladium showed only single chemistry of the palladium, with the 3d5/2 peak position 
at 335.884 eV and 335.775 eV. These peak positions of 3d5/2 were close to the measuring 
accuracy of the XPS for the metallic state of Pd. Thus, it appeared that the PdO which was 
present at the nanoscale level of the as deposited palladium was thermally reduced to pure 
palladium in both hydrogen and helium atmospheres. It has also been reported in the literature 
that palladium oxide decomposed in vacuum when the temperature exceeded 177°C (Voogt, 
1997). Thus, the XPS analysis concluded that PdO was decomposed at high temperatures which 
would happen whether we used hydrogen or helium atmosphere for annealing. Hence, there 
could be no significant effect of annealing atmosphere change on the nature of leak formation in 
palladium composite membranes with regards to reducing the impurities in the deposit.  
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Figure 4.3  XPS surface elemental map of P6 (freshly plated Pd). 
 
Figure 4.4  XPS surface elemental map of P4 (Pd annealed at 500ºC in H2 for 24h). 
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Figure 4.5  XPS surface elemental map of P3 (Pd annealed at 500ºC in He for 24h). 
 
Figure 4.6  High resolution XPS surface elemental map of P6 (freshly plated Pd). 
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Figure 4.7  High resolution XPS surface elemental map of P4 (Pd annealed at 500ºC in H2 for 
24h). 
 
Figure 4.8  High resolution XPS surface elemental map of P3 (Pd annealed at 500ºC in He for 
24h). 
63 
4.2.2 Reducible oxidized surface of porous stainless steel support 
Another reducible component of the Pd/PSS membrane was the oxidized PSS surface. To 
determine whether the oxidized PSS surface was reduced in hydrogen atmosphere, a comparison 
of hydrogen and helium annealing was performed using Pd/PSS coupons. The thickness of the 
palladium deposited by electroless plating on the coupons is given in Table 4.3. Table 4.4 
summarizes the effects of the annealing atmosphere with respect to the weight losses. 
Data in Table 4.4 show that hydrogen annealing at 500ºC for 48 h caused the bare oxidized PSS 
to loose the similar percentage of weight of the oxide layer as the Pd plated oxidized PSS. 
However, no weight loss was observed in the case of unoxidized supports (both in case of bare 
and Pd plated supports) after the hydrogen annealing. Also, no weight loss was observed when 
the samples were annealed in helium atmosphere at 500ºC for 48 h. Hence it is possible that the 
oxidized PSS was reduced in the hydrogen atmosphere even when it was plated with the Pd 
layer. However, unlike the hydrogen characterization of the palladium composite membranes, 
the hydrogen does not continuously permeate through the thickness of the palladium deposit in 
the coupons. Also, it is difficult to comment if the oxide PSS under the plated palladium was the 
one which was reduced. Thus, it might be possible that weight loss of the oxidized coupons does 
not completely resemble the nature of the reduction of the oxidized PSS of the palladium 
membranes. Further study would be needed to explore this possibility completely. 
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Table 4.3 Thickness of palladium plated by electrodeposition on the PSS coupons. 
 
Table 4.4  Percentage of oxide layer lost during reduction. 
 
The surface morphology of PSS support was studied with SEM to find how drastic could be the 
effect of the reduction of the oxide layer. Clean porous stainless steel support had a smooth 
surface when it was bare (as shown in Figure 4.9). Two bare PSS coupons were oxidized at 
600ºC and 700ºC and then reduced in hydrogen atmosphere at 500ºC for 48 hours. Comparing 
 Palladium deposit thickness (µm) 
 Hydrogen annealing (48h, 
500ºC) 
Helium annealing (48h, 
500ºC) 
Unoxidized PSS  0 0 
Unoxidized PSS and Pd plated 2.7 2.7 
Oxidized PSS at 600ºC  0 0 
Oxidized PSS at 600ºC and Pd plated 3.2 2.5 
Oxidized PSS at 700ºC  0 0 
Oxidized PSS at 700ºC and Pd plated 3 2.3 
Weight fraction of oxide layer lost (%)=(Wt loss 
during reduction)/(weight gain during oxidation) 
 
Hydrogen annealing (48h, 
500ºC) 
Helium annealing (48h, 
500ºC) 
Unoxidized PSS  0 0 
Unoxidized PSS and Pd plated 0 0 
Oxidized PSS at 600ºC  52.4 0 
Oxidized PSS at 600ºC and Pd plated 68.2 0 
Oxidized PSS at 700ºC  44.2 0 
Oxidized PSS at 700ºC and Pd plated 57.1 0 
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the SEI micrographs of the surface morphology of these coupons in Figure 4.10 (a) and (b), it 
can be seen that the PSS oxide layer that was initially spread over a bigger area had apparently 
shrunk. However, the porosity of the PSS surface of the 600ºC-oxidized coupon did not change 
much before and after reduction. A comparison of Figure 4.10 (a) and (c) with Figure 4.9, shows 
that a much denser oxide layer was formed at 700ºC than at 600ºC. The shrinkage of the oxide 
layer on a 700ºC-oxidized coupon was more drastic and the surface showed formation of big 
crackings. The change in porosity before and after reducing the oxide layer on a 700ºC-oxidized 
coupon, is more drastic and could cause stresses in the palladium film above it that might 
contribute to leak formation in the palladium composite membrane. Thus, the reduction of the 
oxide surface of the PSS could affect the gas tightness of the palladium layer above it, by causing 
stresses in the membrane. 
 
Figure 4.9  SEI micrograph of a bare clean PSS surface. 
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a.    b.  
c.    d.  
Figure 4.10  SEI micrographs of the bare PSS surface morphology  (a) Oxidized at 600ºC for 
10h (b) Oxidized at 600ºC for 10h and reduced in hydrogen at 500ºC for 48h (c) Oxidized at 
700ºC for 10h (d) Oxidized at 700ºC for 10h and reduced in hydrogen at 500ºC for 48h. 
4.3 Morphological analysis of palladium deposit: Grain boundary migration 
Electroless plating of palladium on porous stainless steel is seen to have a cauliflower type 
deposits (Figure 4.11). In the crystalline form, the palladium atoms are arranged in a face 
centered cubic (f.c.c.) lattice structure. This regular arrangement of palladium atoms is 
reproduced in three dimensions to form a single crystal called a grain. The nature of the 
electroless plating is such that the palladium deposits as a large number of randomly oriented 
grains, which are separated by grain boundaries. As shown in Figure 4.12, a grain boundary is an 
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array of dislocations, where a large number of atoms have been pushed or pulled out of their 
normal lattice positions. The TEM picture of the electroless deposited palladium in Figure 4.13 
also verifies this representation. 
 
Figure 4.11  Scanning Electron Microscope (SEM) image of the surface of electroless plated 
palladium on porous stainless steel. 
 
Figure 4.12  Schematic representation of a grain boundary. 
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If the misorientation between the grains is small (i.e. <5º), then the boundary is called a low 
angle boundary and if the misorientation is >10º, the boundary is called a large angle grain 
boundary (Hull, 1965). The grain size of fresh palladium deposits has been calculated by using 
the X-ray diffraction to be about 60 nm, assuming the presence of strains in the deposits. The 
collection of grains can be termed as grain clusters. The scanning electron micrograph shows that 
the grain clusters can be a few micrometers in size, whereas the super clusters (collection of 
clusters) can be of the size of 10 to 20µm (Figure 4.11). 
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Figure 4.13  Transmission Electron Microscope (TEM) image of electroless deposited 
palladium, preannealed at 500ºC in H2 for 48 hours. 
The atomic diameter of palladium is 2.752 Å and that of hydrogen is 1.558 Å (Beck, 2001). The 
atomic diameter of helium is 1.86 Å (Knovel-critical-tables, 2003). The grain boundaries in 
nanophase palladium are between 0.7 and 1.1 nm wide (Mütschelle and Kirchheim, 1987). The 
octahedral site of the Pd lattice has the size of 1.14 Å and that of the tetrahedral site is 0.61 Å. 
Also, the Hägg’s rule states that the interstitial solid solution of a solute (with atomic diameter 
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dsolute) in the solvent metal (with atomic diameter dsolvent) is possible only if dsolute < 0.59 dsolvent. 
Thus, hydrogen easily occupies the interstitial site in the palladium lattice and diffuses through 
the bulk palladium and the grain boundaries, whereas helium diffuses only along the grain 
boundaries.  
The grain boundaries are always present in the palladium deposit, even when the palladium 
membrane is made gas-dense (no He leak) at room temperature. This implies that plating 
multiple layers of palladium on a porous support not only closes the last big hole of the support 
but also makes the grain boundary network extremely convoluted, such that we have negligible 
flux of helium and the membrane is essentially dense (Figure 4.14 (a)). 
An increase in the energy of the grain is required to cause the displacement of a large number of 
atoms from the normal position in a perfect crystal (Hull, 1965). Thus, strain energy is associated 
with every dislocation and hence with the grain boundaries. Mutual annihilations or 
rearrangement of the grain boundaries can cause this strain energy to be released. Also, the 
boundary can move by the process where the thermally activated atoms leave one grain and join 
another on the other side of the grain boundary (Reed-Hill, 1964). This process is called grain 
boundary migration. Grain boundary migration occurs only if a greater movement of atoms from 
one side of the grain boundary to the other side lowers the energy of the metal as whole. There 
can be two outcomes of the grain boundary migration. The first is that grain boundaries move 
into a deformed grain, leaving behind the strain free grain. The second outcome is that in order to 
reduce the grain boundary area, the boundaries move such that badly curved regions are 
straighten out and small grains are incorporated into the bigger grains, causing some grains to 
grow and others to disappear.  
Palladium grain growth is known to occur at temperatures above 200ºC. Thus, it is possible that 
when the dense palladium layer is annealed at high temperatures, the convoluted grain boundary 
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network straighten out, making the diffusion of gases other than hydrogen to be easy and causing 
the leak to form in the palladium composite membrane (Figure 4.14 (b)). 
 
Figure 4.14  A representation of the grain boundary network (GBN) in the palladium deposit. (a) 
Convoluted GBN in a dense Pd membrane at room temperature (b) Straightened-out GBN in a 
Pd membrane at high temperature (leak formation). 
The measure of the complexity of the grain boundaries is the size of the grains. A grain of the 
diameter dg will have the grain boundary whose curvature would be of the order of 1/ dg  
(Haslam et al., 2001). Thus, small grains have highly curved grain boundaries and high strain 
energy. Hence, the small grains have high driving force to reduce the overall energy of the metal 
by causing themselves to grow. This would make the grain boundary network to straighten-out 
and increase the possibility of leak formation. 
Thus, having small grains in the palladium deposits can be both desirable and undesirable. It is 
desirable for higher hydrogen permeance because of a large grain boundary volume and is 
undesirable because of having greater risk of a room-temperature-dense membrane to loose its 
gas-compactness at high temperatures. 
Thus, understanding the grain size and factors affecting it can be useful to achieving a stable leak 
free palladium membrane. 
GB Migration
(a) (b) 
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4.3.1 Grain size analysis by chemical etching 
Chemical etching is one of the simple direct ways of analyzing the grains in metals that was used 
to measure the palladium grain size. 
Palladium was electroless plated on PSS coupons and then annealed in hydrogen for sufficient 
time to obtain grains big enough to be etched and seen by SEM. The summary of the preparation 
history and the etchant used for the coupons is given in Table 4.5. After annealing the Pd/PSS 
coupons were mounted in the mounting press with the phenolic powder for cross section etching. 
Strong chemical etchants (Table 4.6) were used that were based on acids such as hydrochloric 
and nitric acid to be able to etch the noble metal such as palladium (Voort, 2000). The best 
etching of the cross section was achieved by using 3:2 ratio of HCl and HNO3, as shown in the 
micrograph of Figure 4.15 (b) which revealed the grain boundaries of palladium and grains in the 
range of 100 to 200 nm. The grain size of freshly plated palladium was approximately 50 nm as 
estimated by XRD studies. 
Other echants were not very effective in revealing the microstructure of the palladium grain 
boundaries. The size of the grains obtained by etchant 1 was further verified by TEM analysis. 
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Table 4.5  History of the Pd plated PSS coupons used for etching study. 
 
Table 4.6  Composition of the various etchants used. 
 
Coupon 
number 
Pd thickness (µm) History (0.2 grade PSS-oxidized at 
600°C for 10h) 
Etch number 
1 6.6 Annealed at 500°C in H2 for 48h 1 
2 3.7 Annealed at 500°C in H2 for 72h 2 
3 3.5 Annealed at 500°C in H2 for 72h 3 
4 3.6 Annealed at 500°C in H2 for 48h 4 
5 3.6 Annealed at 500°C in H2 for 48h 5 
Etch # Composition Process 
1 30ml HCl 
20ml HNO3 
Immerse for 15s 
2 50ml HNO3 Immerse for 15s 
3 30ml H2O 
25ml HCl 
5ml HNO3 
Immerse for 15s 
4 30ml Glycerol 
30ml HCl 
10ml HNO3 
Rinsed with 60°C water and 
swab etched for 30s 
5 20ml Methanol 
45ml HCl 
15ml HNO3 
Immerse for 30s 
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a.   b.  
c.  d.  
e.   f.  
Figure 4.15  SEI micrographs of etched cross section of Pd/PSS (a) Before etching (b) coupon 1 
after etchant 1 (c) coupon 2 after etchant 2 (d) coupon 3 after etchant 3 (e) coupon 4 after etchant 
4 (f) coupon 5 after etchant 5. 
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4.3.2 Grain size analysis by TEM 
Philips 420T TEM and JEOL 2100 TEM at the Harvard Center for Nanoscale Systems (CNS) 
and National Science Foundation’s National Nanotechnology Infrastructure Network (NINN) 
facility were used to observe the grain size of the fresh palladium, the palladium annealed at 
500ºC in H2 for 48 hours and the palladium annealed at 500ºC in He for 48 hours. 
The Rayleigh approximation can be represented by (Williams and Carter, 1996): 
δ = 0.61 λ        
where 
δ = the smallest distance to be resolved 
λ = wavelength of radiation 
For electrons: 
λ ∼ 1.22/E0.5        
At 100keV, λ ≈ 0.004 nm 
⇒  δ ≈ 0.002 nm        
Thus, TEM is especially useful to image the nanosized grains because of its high resolving 
power. 
The specifications of the precision on milling (PIM) used for the palladium at room temperature, 
the palladium annealed at 500ºC in H2 for 48 hours and the palladium annealed at 500ºC in He 
for 48 hours, are given in Table 4.7. 
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Table 4.7  PIM specifications for the palladium at room temperature, the palladium preannealed 
at 500ºC in H2 for 48 hours and the palladium preannealed at 500ºC in He for 48 hours. 
 
(Figure 4.16(a) and (b)) show that most of the grains were ~ 50 nm in size. Also, close 
observation of each grain at higher magnification (shown by blue arrows in Figure 4.17 (a) and 
(b)) showed that each grain appeared to be made of nuclei (embryo grains), which were of the 
size of 5 nm. 
a.  b.  
Figure 4.16  Palladium (at room temperature). (a) magnification 62.5kx (b) magnification 
105kx. 
  Time(min) keV Top gun angle (deg) 
Pd (room temperature) 10 3 4 
Pd (preannealed in H2) 12 2.5 3 
Pd (preannealed in He) 7 3 3 
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a.  b.  
Figure 4.17  Palladium (at room temperature) at magnification 455kx. 
If the three vectors σα, σβ and σγ (shown in Figure 4.18) originating at point o represent the 
magnitude and direction of surface tensions of the three grain boundaries meeting in a line 
(projection of this line is point o), then at static equilibrium, σα/sinα = σβ/sinβ = σγ/sinγ (Reed-
Hill, 1964). This implies that if the surface tensions of the three grain boundaries are equal and if 
the boundaries have attained the equilibrium configuration, then the dihedral angle α = β = γ = 
120°. 
 
Figure 4.18  Representation of a junction of three grains and their grain boundary surface 
tensions. 
The palladium sample which was preannealed at 500ºC in H2 atmosphere for 48 hours, supports 
the fact the palladium grains underwent drastic grain growth and the big grains appeared to be in 
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the size range of 100 to 200 nm (Figure 4.9). This result was in agreement with the grain size of 
the palladium annealed at the same conditions using the etchant 1 in section 4.3.1. The images 
also highlight the fact that most of the grain boundary intersections had dihedral angles very 
close to 120° (shown by the yellow arrows in Figure 4.19), which meant that the grain 
boundaries had achieved almost equilibrium configuration within 48 hours of annealing at 
500°C. 
a.  b.  
Figure 4.19  Palladium pre-heated at 500ºC in H2 for 48 hours. 
The grain growth was also observed in the palladium sample that was preannealed at 500ºC in 
He atmosphere for 48 hours (Figure 4.20). However, the size of grains appeared to be in the 
range of 70 to 100 nm and many of the grain boundary intersections did not show equilibrium 
condition of 120°. This would mean that the grain growth occurred faster in hydrogen 
atmosphere than in helium and the leaks would develop faster in hydrogen than in helium. 
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a.  b.  
Figure 4.20  Palladium pre-heated at 500ºC in He for 48 hours. 
4.4 Possible methods to minimize the leak formation due to the grain boundary migration 
1. Doping Pd with Ir or Ru. 
2. Successive plating and annealing of Pd membrane to get saturated grain boundaries. 
3. Solute segregation at grain boundaries. 
4.4.1 By doping Pd with Ir or Ru 
It has been suggested that dopants such as Ir or Ru can be used to provide the pinning effect to 
retard the grain boundary migration. To support this argument, Pd, Pd-Ir(10%)typeB, Pd-
Ru(1%)typeA and Pd-Ru(3%)typeA foils were prepared by the electroless plating on silicon 
wafer (Guazzone, 2005). The TEM samples were prepared according to section 3.6.1. The PIM 
specifications used are given in Table 4.8. 
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Table 4.8  PIM specifications for Pd, Pd-Ir(10%)typeB, Pd-Ru(1%) typeA and Pd-Ru(3%) 
typeA. 
 
Comparing the TEM pictures in Figure 4.21 (a), (b), (c) and (d), we can see that the smallest 
grains were those of the Pd-Ir (10%), which were about 10-20 nm while the largest grains were 
those of Pd-Ru (1%), which were about 100-200 nm (some of the grains have been encircled 
with a blue ring). The grain size of Pd was in the range of 50 nm, which was close to that 
calculated by XRD. Also, the Figure 4.22 (a), (b), (c) and (d) show that all the grains appeared to 
be made of nuclei of the size of about 5 nm (some nuclei are marked by blue arrows). 
Thus, it appears that Pd-Ir (10%) has very small initial grain size and if the Ir is able to retard the 
grain growth by pinning the grain boundaries, then Pd-Ir (10%) could be a promising candidate 
to have high hydrogen permeance and higher leak resistance. 
It is also possible that due to the initial big grain size, Pd-Ru (1%) and Pd-Ru (3%) might have 
very low driving force to grain growth (due to low initial grain boundary area) and hence might 
have good chances of providing leak resistant Pd membranes. 
  Time(min) keV Top Gun Angle(deg) 
Pd 10 3 4 
20 3 4 Pd-Ir (10%) 
20 3 5 
Pd-Ru (3%) 13 3 6 
30 3 7 Pd-Ru (1%) 
10 3 8 
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a. b.  
c.  d.  
Figure 4.21  TEM images at magnification-105kX (at room temperature). (a) Pd (b) Pd-Ir (10%) 
(c) Pd-Ru (1%) (d) Pd-Ru (3%). 
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a.  b.  
c.  d.  
Figure 4.22  TEM images at magnification-455kX (at room temperature). (a) Pd (b) Pd-Ir (10%) 
(c) Pd-Ru (1%) (d) Pd-Ru (3%). 
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4.4.2 Successive plating and annealing of Pd membrane to get saturated grain boundaries 
The second approach to avoid leak formation in palladium membranes is by successive plating 
and annealing of semi-dense Pd membrane to get the saturated grain boundaries. The objective is 
to plate thin layers of Pd and anneal them successively to allow the grains to grow and grain 
boundaries to become stable before the membrane becomes totally dense. This annealing process 
also reduces the dislocation density and strain in the sample. The idea is to allow the grain 
boundaries of each set of Pd layer to get stable and straightened out, and then stack multiple Pd 
layers to form a resultant stable dense Pd layer. 
Pure Pd membrane A03 was made to study the behavior of leak formation using the inconel 
support. The support was mechanically cleaned at the welded areas, followed by an 1-hour 
treatment with basic solution in ultrasonic bath and rinsing with tap water, DI water and 
isopropanol. The support was then oxidized for 10 hour at 600ºC to form the intermettalic 
diffusion barrier. After seven rounds of Pd electroless platings of 90 minutes each, the final 
thickness of the dense Pd membrane was 6.4 microns (Figure 4.23). 
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Figure 4.23  Helium flux history of A03 palladium membrane for ∆P = 1 atm. 
At 400ºC the permeance of the A03 membrane declined from 15.5 to 10.4 m3/m2.h.bar0.5 and the 
highest permeance of the membrane at 500ºC was only 13.5 m3/m2.h.bar0.5 (Figure 4.24). The 
selectivity of A03 at 500ºC, after over 100 hours was 1532. The line scan EDS in Figure 4.25 
showed 1.6 µm of nickel diffusion into the palladium film. This would account for the loss of 
hydrogen permeance by an amount of 5 m3/m2.h.bar0.5 at 400ºC in 107 hours. Also, the He leak 
at room temperature after the testing was only 0.6 sccm because of the plugging of the leaks 
(grain boundaries) by the diffusing nickel from the support (Figure 4.25). 
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Figure 4.24  Hydrogen permeance plot for A03 palladium membrane. 
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Figure 4.25  Line scan SEM image and the composition analysis of A03 palladium membrane. 
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In order to avoid intermettalic diffusion happening at 500ºC, a second Pd membrane A04 was 
made on the inconel support oxidized at 800ºC for 10 hours. The oxidation at 800ºC caused a big 
decline in the He flux of the support (Figure 4.26). The initial cleaning procedure for the A04 
membrane was identical to that of A03 membrane. 
 
Figure 4.26  Helium flux history of A04 palladium membrane. 
The first annealing was performed on the A04 when it was 3.2 µm thick and had a leak of 1.35 
m3/m2.h.atm. During this annealing the A04 membrane was kept at a particular temperature in 
He until the leak became stable (Figure 4.27). Then the temperature was increased progressively 
from 300 to 500ºC. By the end of this process the leak of the membrane was 2.25 m3/m2.h.atm. 
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Figure 4.27  The first helium annealing of semi-dense A04 palladium membrane. 
For the second annealing, the A04 was 4.9 µm thick and had a leak of 0.025 m3/m2.h.atm. Again 
the A04 membrane was kept at a particular temperature in He until the leak became stable 
(Figure 4.28). By the end of this process the leak of the membrane was 0.034 m3/m2.h.atm. 
In the last stage the A04 was made dense and the final thickness of the membrane was 8.3 µm. 
This time the membrane was heated to 300°C in He and then heated to 500°C in H2 similar to 
real time testing of a membrane (Figure 4.29). A04 showed the permeance of 16 m3/m2.h.bar0.5 at 
300ºC and reached a maximum of 23 m3/m2.h.bar0.5 at 450ºC. The membrane showed drastic 
permeance decline at 450ºC (similar to A03 membrane) due to intermettalic diffusion. Thus, the 
final permeance of the A04 at 500ºC was only 18.7 m3/m2.h.bar0.5. The selectivity of A04 at 
300ºC (at the beginning of the hydrogen testing) was 9485. However, after testing at 500ºC the 
selectivity declined to 290. The line scan EDS in Figure 4.30 showed about 0.7 µm of nickel 
diffusion into the palladium film. There were also significant amounts of chromium oxide visible 
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at the interface of the support and the palladium layer. Since the intermetallic diffusion of nickel 
in case of A04 membrane was less than that of A03 membrane, there was only 3 m3/m2.h.bar0.5 
of hydrogen permeance loss in the case of A04 membrane at 500ºC in 45 hours. 
 
Figure 4.28  The second helium annealing of semi-dense A04 palladium membrane. 
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Figure 4.29  Final hydrogen annealing of dense A04 palladium membrane. 
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Figure 4.30  Line scan SEM image and the composition analysis of A04 palladium membrane. 
Table 4.9 shows the summary of the plating and annealing history of the A04 membrane. It can 
be seen that the He leak (at room temperature) of A04 after the final testing is 0.042 
m3/m2.h.atm, which is higher than the He leak of 0.034 m3/m2.h.atm after the second testing. 
Also, the helium leak after the final testing is 84 times more than the leak before the final testing 
92 
in hydrogen Table 4.9. This again showed that the leak developed much faster in hydrogen than 
in helium, which is in agreement with the leak forming tendency of the A02 membrane. Also, by 
the TEM analysis (section 4.3.2) it was proven that the grain boundary migration (straightening) 
happened faster in H2 than in He. Thus, it is possible to conclude that grain boundary migration 
is one of the most probable reasons for leak formation in palladium composite membranes. 
Thus, if all the successive high temperature annealing sessions of the semi-dense membrane can 
be performed in H2, then each annealed layer would have fully grown grains and equilibrium 
grain boundaries and hence the final dense membrane would be more stable against leak 
formation. 
Table 4.9  Summary of the plating and annealing history of A04 membrane. 
 
 Time for Pd 
plating (min) 
Pd film 
thickness (µm) 
He leak at RT 
before testing 
(m3/m2hatm) 
HeBefore 
He leak at RT 
after testing 
(m3/m2hatm) 
HeAfter 
Before
After
He
He
 
First Annealing 
(He) 
180 3.2 1.35 2.25 1.67 
Second 
Annealing (He) 
90 4.9 0.025 0.034 1.36 
Final 
Annealing (H2) 
180 8.3 0.0005 0.042 84 
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4.4.3 Solute segregation at grain boundaries 
An element could form a solid solution with palladium if its atomic diameter is less than 1.62 Å 
(Hägg’s rule). Apart from hydrogen (atomic diameter of 1.558 Å), boron (atomic diameter of 
1.589 Å (Bowen and Others, 1958)) satisfies the Hägg’s rule. However, there are some 
disagreements about the size of the boron atom, depending upon the measurement technique 
used. The atomic diameter of boron has also been determined to be 1.84 Å (Teatum et al., 1968). 
Using the value found by Teatum et al. (1968), boron does not satisfy the Hägg’s rule for 
forming interstitial solid solution in palladium. However, the interstitial solubility of boron in 
palladium has been proven in the literature (Beck et al., 2001). Beck et al. (2001) argued that the 
maximum solubility range of the solute in a solvent metal depended inversely on the potential 
valency (the sum of s and p electrons) of the solute. In fact, Beck et al. also showed that the 
tendency of boron to form interstitial solid solution with palladium was next highest to that of 
hydrogen with palladium. 
The presence of boron in palladium lattice caused the palladium lattice to expand (Figure 4.31). 
Beck et al. (2001) used least squares fitting of the straight lines to the experimental data to obtain 
the Equation (4.1) between the lattice constant (a) and the boron atomic fraction fBx  : 
)()44(07697.03892.0 nmxa fB+=     (4.1) 
The solute atoms in a metal crystal could interact with the dislocations present in the crystal 
(Reed-Hill, 1964). To lower the free energy of the metal crystal, interstitial atoms (which cause 
the expansion of the metal lattice) are drawn towards the expanded regions of the edge 
dislocations as the temperature is increased. Thus, if the Pd-B alloy is heated, the strain fields of 
expanded regions of the grain boundaries would attract boron to concentrate around them. This 
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would cause the grain boundary dislocations to become unavailable for the helium to go through 
and would prevent the formation of leak formation. 
 
Figure 4.31  Plot of the lattice constant as the function of boron content (atomic %) in Pd-B 
alloy (Burch and Lewis, 1969). 
At 500ºC, the diffusivity of hydrogen in pure Pd is 91009.9 −×  m2/s and in Pd-B (4 atomic %) is 
91066.6 −×  m2/s (Yoshihara and Mclellan, 1990). Also, the solubility of hydrogen at 500ºC  in 
pure Pd is about 9 mg H2 / 100 g of Pd and the solubility of hydrogen in Pd-B (4 atomic %) is 
about 12 mg H2 / 100 g of alloy (Lewis, 1967). Thus, for 4 atomic% B in Pd the permeability is 
0.976 times the permeability of pure Pd. Hence, for low atomic concentrations of B in Pd, the 
hydrogen permeability would not be affected significantly. 
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Electroless plating of palladium was performed on porous stainless steel coupons using the bath 
compositions given in Table 4.10. By varying the amount of the Trimethylamineborane 
(TMAB), eight sets of platings were achieved as described in Table 4.11.  
Table 4.10  Composition of the electroless palladium plating baths (Hough et al., 1981). 
 
Table 4.11  Description of the types of palladium depositions performed. 
 Component Purpose units Bath A Bath B 
PdCl2 Pd ion source g/l 4 4.05 
NH4OH (14.8M) Complexing 
agent 
M 0.6 0.7 
Mercaptobenzothiazole Stabilizer mg/l 3.5 - 
Trimethylamineborane 
(TMAB) 
Reducing agent g/l X (variable) X (variable) 
pH    12 12 
T  ºC 45 45 
Plating rate  µm/h 1.6-1.8 1 
Deposit Type Amount of TMAB Deposit thickness 
(µm) using deposit 
density = 11.2 g/cm2 
Bath A (X=2.5) 2.5 g/l 4.9 
Bath A (X=1) 1 g/l 1.05 
Bath A (X=0.8) 0.8 g/l 2.27 
Bath A (X=0.5) 0.5 g/l 0 (no deposition) 
Bath B (X=2.56) 2.56 g/l 7.34 
Bath B (X=1) 1 g/l 4.94 
Bath B (X=0.8) 0.8 g/l 4.4 
Bath B (X=0.5) 0.5 g/l 0 (no deposition) 
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The SEM micrographs of the Pd deposits from the plating Bath A (Figure 4.32 (a), (b) and (c)) 
showed that the deposits were very uniform and covered the entire surface of the porous support. 
There were no cracks and the deposit looked very similar to the deposit obtained from the regular 
hydrazine based plating bath. The deposits obtained from the Bath B (Figure 4.32 (d), (e) and (f)) 
were also very uniform. However, they had a rougher morphology than the deposits obtained by 
Bath A. 
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a.  b.  
c.  d.  
e.  f.  
Figure 4.32  SEM micrographs of the morphology of the palladium deposits. (a) Bath A 
(X=2.5), (b) Bath A (X=1) (c) Bath A (X=0.8) (d) Bath B (X=2.56) (e) Bath B (X=1) (f) Bath B 
(X=0.8). 
The EDS elemental analysis of the deposits from Bath A and Bath B, showed the dominant 
presence of palladium, though small amounts of carbon and boron were also confirmed in all the 
samples by XPS analysis (Figure 4.33). The presence of carbon has generally been assumed to 
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be the handling impurity, but the boron content was confirmed to be associated with the use of 
TMAB as the reducing agent in the Bath A and Bath B plating solutions. 
a.  b.  
c.  d.  
e.  f.  
Figure 4.33  XPS surface elemental map of the palladium deposits. (a) Bath A (X=2.5), (b) Bath 
A (X=1) (c) Bath A (X=0.8) (d) Bath B (X=2.56) (e) Bath B (X=1) (f) Bath B (X=0.8). 
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The XRD scan of the deposit obtained by the Bath A (X=2.5) was completely amorphous with 
no diffraction peaks (Figure 4.34). As the amount of the reducing agent TMAB was decreased as 
in the case of Bath A (X=1) and (X=0.8), the Pd (111) peak started appearing, but at angles 
lower than the expected 2θ = 40.118º. This supported the fact that the boron was present in the 
interstitial lattice position of palladium, causing the lattice to expand. When the samples of Bath 
A were annealed at 500ºC in helium for 24 hours (Figure 4.35), the Pd (111) peak shifted from 
the lower angles (in the case of freshly prepared samples) to closer to the expected peak position 
(in the case of annealed samples). This could happen due to the solute segregation of the boron 
from the palladium lattice to the grain boundaries, causing the palladium lattice to contract. Also, 
no diffraction peaks were observed for the boron rich phase in palladium. This could be due to 
very low amounts of boron doped into the palladium deposit. 
The XRD scan of the deposits obtained by the Bath B showed some crystalline content because 
of the presence of four small peaks between the 2θ = 37º and 2θ = 41º (Figure 4.36). However, 
when the samples were annealed at 500ºC in helium for 24 hours, the pure palladium peaks 
appeared (Figure 4.37). The extent of lattice dilation was maximum in the case of Bath B 
(X=2.56), shown by the greatest deviation from the expected Pd (111) peak position. 
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Figure 4.34  XRD scans of Bath A (Fresh samples) – Comparison of X = 2.5, 1 and 0.8. 
 
Figure 4.35  XRD scans of Bath A (Annealed samples) – Comparison of X = 2.5, 1 and 0.8. 
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Figure 4.36  XRD scans of Bath B (Fresh samples) – Comparison of X = 2.56, 1 and 0.8. 
 
Figure 4.37  XRD scans of Bath B (Annealed samples) – Comparison of X = 2.56, 1 and 0.8. 
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The Bragg’s law states: 
θλ sin2d=       (4.2) 
where λ is the wavelength of the incident X-ray beam and d is the distance between the atomic 
planes in the crystal. 
For a simple cubic crystal, d is related to a (lattice constant) and the (hkl) (the Miller plane 
indices) as shown in Equation (4.3) 
222 lkh
ad
++
=      (4.3) 
Eliminating d from Equations (4.2) and (4.3), we get 
θ
λ
sin2
222 lkha ++=      (4.4) 
The XRD scan of the freshly prepared Bath A (X=0.8) showed the (111) peak position of the 
fresh sample as 2θ = 39.39º. Thus using the λ = 1.540562 Å and 2θ = 39.39º, the value of lattice 
constant a = 3.96 Å was obtained. Substituting a = 3.96 Å in Equation (4.1), the amount of boron 
in the palladium lattice was estimated to be 8.8 atomic %. A comparison of the XRD scan of the 
fresh sample of Bath A (X=0.8) in Figure 4.34 with the diffraction pattern (b) in Figure 4.38, 
also indicated the boron content ~ 7 atomic %. 
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Figure 4.38  CuKα X-ray diffraction patterns of the Pd-B films. (a) Pd100 (b) Pd93B7 (c) Pd80B20 
(d) Pd71B29 (Tamaki et al., 1989). 
The (111) peak position of the annealed Bath A (X=0.8) was determined to be 2θ = 40.1º. Thus 
using the λ = 1.540562 Å and 2θ = 40.1º in Equation (4.4), the value of lattice constant a = 3.89 
Å was obtained, which is very close to the lattice constant of pure palladium. 
Thus, it is possible to achieve successful boron solute segregation at the grain boundaries by 
using the palladium plating Bath A (X=0.8). Furthermore, since the atomic content of boron in 
the palladium lattice would decrease with annealing the membrane at 500ºC, the hydrogen 
permeance of the Pd-B membrane is expected to increase along with improved resistance against 
helium leak formation. 
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CHAPTER 5 
CONCLUSIONS 
• It was proven that the freshly deposited palladium did not have any reducible chlorides as 
impurities. 
• Freshly deposited palladium had few atomic layers of oxide formation along the grain 
boundaries. This oxide thermally decomposed at 500ºC and could contribute to leak 
formation.  
• The most suitable etching of cross section was achieved by using 3:2 ratio of HCl and 
HNO3, which revealed the grain boundaries of palladium and grains in the range of 100 
to 200 nm for the palladium sample annealed at 500°C in H2 for 48h. 
• The TEM analysis showed that freshly deposited palladium at room temperature had the 
grain size ~ 50 nm and nuclei size of 5 nm. Palladium annealed for 48 hours at 500°C in 
H2 had the grain size ~ 100 to 200 nm. Palladium annealed at 500ºC in He atmosphere for 
48 hours had the grain size of ~ 70 to 100 nm. 
• It was shown that the straightening of the grain boundary network due to the grain 
boundary migration at high temperatures could be a strong possible reason for leak 
formation in palladium composite membranes. 
• Leaks formed faster in hydrogen atmosphere than in helium probably because of the 
faster grain boundary migration and grain growth of palladium in hydrogen than in 
helium. 
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• Pd-Ir (10%) were shown to have very small initial grain size of 10-20 nm and it could 
have high hydrogen permeance and high leak resistance if Ir pins the grain boundaries. 
• Pd-Ru (1%) and Pd-Ru (3%) were shown to have initial grain size of 100 to 200 nm. This 
means that Pd-Ru can have low driving force to grain growth because of initial low grain 
boundary area. 
• Solute segregation of boron from the interstitial site of the palladium lattice was 
demonstrated. 
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CHAPTER 6 
RECOMMENDATIONS 
Since grain boundary migration will always occur at high temperatures, the leak formation due to 
the straightening of the grain boundaries can be controlled by the following methods: 
• Obtain the dense palladium composite membrane by successive plating and annealing of 
the palladium deposits in hydrogen atmosphere. This will allow the individual palladium 
layers to have fully grown grains and stable grain boundaries. Hence, stacking such stable 
individual palladium layers will allow us to obtain the final sandwich (palladium 
membrane) leak resistant. 
• Use the solute segregation of boron as the means of obstructing the diffusion of non-
hydrogen gases through the grain boundaries. 
Future research is needed in the following aspects: 
• Analysis of the potential of iridium to pin the grain boundaries of palladium. 
• Analysis of the grain growth behavior of ruthenium in palladium. 
• Analysis of the extent of reduction of the oxidized porous support in a composite 
palladium membrane under the hydrogen characterization conditions. 
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NOMENCLATURE 
a Lattice constant (nm) 
aH Activity of hydrogen 
d Distance between the atomic planes in the crystal (m) 
dg Grain diameter (m) 
dsolute Atomic diameter of solute (m) 
dsolvent Atomic diameter of solvent (m) 
D Fick’s diffusion coefficient (m2/s) 
D* Einstein diffusion constant (m2/s) 
E Activation energy (J/mol) 
F Hydrogen permeance (m3/(m2⋅s⋅Pa0.5)) 
Fk Permeance due to the Knudsen diffusion (mol/m2⋅s⋅Pa) 
Fv Permeance due to the viscous flow divided by the pressure (mol/m2⋅s⋅Pa2) 
ig
iG  Gibbs free energy of a component i of an ideal gas mixture (J/mol) 
HG∆  Partial molar Gibbs free energy (J/mol) 
HH∆  Partial molar enthalpy (J/mol) 
Ks Sieverts' law constant (atm0.5) 
M Molecular weight of the gas 
Nb Bulk palladium atomic concentration (mol Pd/m3) 
12H
p  Hydrogen partial pressure on the high pressure side of the palladium 
membrane (Pa) 
22H
p  Hydrogen partial pressure on the low pressure/sweep side of the 
palladium membrane (Pa) 
pNA1 Partial pressure of the non-absorbable gas on the high pressure side of the 
membrane 
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pNA2 Partial pressure of the non-absorbable gases on the low pressure side of 
the membrane 
Q Hydrogen permeability (m3/(m⋅s⋅Pa0.5)) 
r Radius of the pore (m) 
R Gas constant (J/mol K) 
S Solubility of hydrogen in palladium (mol H/mol Pd) 
HS∆  Partial molar entropy (J/mol⋅K) 
f
Bx  Boron atomic fraction 
X H/Pd ratio (mol H/mol Pd) 
X1 Bulk H/Pd ratios adjacent to the upstream surfaces (mol H/mol Pd) 
X2 Bulk H/Pd ratios adjacent to the downstream surfaces (mol H/mol Pd) 
∆z Membrane thickness (m) 
( )TiΓ  Constant of integration 
δ  Smallest distance to be resolved (m) 
ε  Porosity of the palladium layer 
λ  Wavelength of the radiation (m) 
ig
iµ  Chemical potential of the component i of an ideal gas mixture (J/mol) 
Hµ  Chemical potential of the dissolved hydrogen atoms in the palladium 
(J/mol) 
2Hµ  Chemical potential of hydrogen in the gas phase (J/mol) 
kµ  Geometric factor for Knudsen diffusion 
vµ  Geometric factor for viscous flow 
η  Viscosity of the gas at a given temperature (kg/m⋅s) 
 
 
